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The 12th Conference of the European Colloid and Interface Society (ECIS98) 
was held in Dubrovnik and Cavtat, Croatia, 20-25 September 1998, in the 
congress’ hotel Croatia. The members of the Scientific Committee for the 
meeting were: Mats Almgren, Robert Aveyard, Jean Candau, Mario Corti, 
Rudolf Klein, Peter Laggner, Henk Lekkerkerker, Greta Pifat-Mrzljak and 
Conxita Solans. On the Organizing Committee, Durdica Tezak acted as 
Chairman with Mladen Martinis as Co-Chairman. Our thanks go to the 
people who helped with the day-to-day organization of the meeting: Nada 
Filipovic-Vincekovic, Zlatko Mihalic, Suzana Segota, Nenad Jalsenjak, and 
especially to Mrs Irenka Fischer-Palkovic who acted as Secretary for the 
conference. 

Generous donations, which helped to finance the conference, were 
made by the Ministry of Science and Technology, and the Ministry of 
Development and Reconstruction of the Republic of Croatia, Institute 
Rugjer Boskovic Zagreb, the Croatian National Tourist Board, and IN A Oil 
Industry Zagreb; the financial support from the European Colloid and 
Interface Society is gratefully acknowledged. 

The conference was attended by 142 scientists from 22 different countries, 
including participants from USA and Israel. The scientific program 
contained 60 oral presentations including 14 invited lectures, and 88 posters 
that were displayed during the 5 days of the conference. The contributions 
covered theoretical, experimental and technical aspects of modern colloid 
and interface science. 

It is, therefore, our great pleasure to offer you this Proceedings volume, 
which contains a selection of 45 contributions presented at the conference, 
reflecting the work of 147 scientists. The contributions included in this 
volume have been rather arbitrarily sub-divided into six principal sections: 
Amphiphiles, Monolayers and Micelles; Solutions and Suspensions, Emul- 
sions and Microemulsions, Polymers, Interfaces, and Experimental Tech- 
niques. The interdisciplinary nature of these sections, bordering on both 
physics and chemistry, is evident. 

We would like to express our gratitude to the members of the Scientific 
Committee; they helped us in the difficult task of selecting the contributions 
for oral or poster presentations. Their work also continued after the 
conference was over, in their participation in the refereeing procedure for the 
papers submitted for publication in this volume of Progress in Colloid & 
Polymer Science. Our warmest thanks to the other referees too. 

On behalf of the ECIS, special thanks go to all participants and 
contributors who worked hard to create new scientific approaches. We hope 
that the participants enjoyed all the conference, and in particular the results 
presented, the lively open discussions in the conference room as well as in 
front of posters, and the “beach talks.” We are glad to have been able to 
charge a very low conference fee for young scientists. 



Mladen Martinis 
Durdica Tezak 
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Abstract Lecithin/cyclohexane so- 
lutions have been investigated by 
density and pulse gradient spin-echo 
nuclear magnetic resonance self-dif- 
fusion measurements. The depen- 
dence of the lecithin self-diffusion 
coefficient and the apparent molar 
volume on the phospholipid con- 
centration has been studied. Pre- 
micellar aggregation, with formation 
of small aggregates, has been sug- 
gested. The size of the micelles 
formed and the partial molar vol- 
ume of lecithin within these micelles 
have been evaluated. 



Key words Reverse micelles - Self- 
diffusion - Nuclear magnetic reso- 
nance - Densitometry 



Introduction 

The history of reverse micelles is intimately linked to the 
investigation of lecithin/organic solvent solutions. In 
1929 Price and Lewis showed that in alcoholic solutions 
lecithin monomers are present, while in benzene solu- 
tions aggregates with higher molecular weights exist [1]. 
About three decades later, the micellization of lecithin in 
benzene was studied and the formation of reverse 
micelles was inferred [2, 3]. Since then, reports have 
been published that discuss different aspects of lecithin 
aggregations in the framework of theories developed for 
classical reverse micelles. Reverse micellar systems with 
phospholipids have both theoretical and applied inter- 
ests. These systems provide a model for processes in 
biomembranes [4], including trans-bilayer transport and 
fusion, and also as a mimetic model for the activity of 
membrane proteins [5-7]. The polar cores of reverse 
micelles have been used for ionic and radical reactions 
[8]. Since phospholipids are biocompatible, reverse 
micelles composed of lecithin have important pharma- 
ceutical and medical applications [9]. Studies of reverse 



micelles have mostly been performed with benzene, 
chlorobenzene, and chloroform as organic solvents. 
Lecithin reverse micelles in other organic solvents also 
form transparent, highly viscous, and viscoelastic gels, 
when a very small amount of water is added. It has been 
established that such properties are due to a water- 
induced one-dimensional micellar growth of very long 
and flexible cylindrical reverse micelles, rather similar to 
conventional polymer molecules (indeed they are also 
termed “polymer-like” aggregates) [10]. Above a cross- 
over concentration, these worm-like micelles can then 
entangle and form a transient network with static 
properties that are comparable to those of semidilute 
solutions of flexible polymers. While the initial elucida- 
tion of the structure of these systems was essentially due 
to scattering experiments, different techniques have 
recently given us further insight into their microstruc- 
ture. In particular, we have recently examined the 
diffusional behaviour of water and lecithin in a wide 
range of concentrations [11-14]. This paper deals with 
the characterization of the binary system lecithin/ 
cyclohexane. 
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Materials and methods 

Soybean lecithin (Epikuron 200) was a generous gift from Lucas 
Meyer A.G. and was used without further purification. Cyclohex- 
ane (C 6 H 12 ) was obtained from Aldrich, although in the nuclear 
magnetic resonance (NMR) experiments we used perdeuterated 
cyclohexane (C 6 D 12 ) purchased from Dr. Glaser to minimize the 
intensity of the ’H-NMR resonance signal of the CH 2 group of the 
solvent. Self-diffusion coefficient measurements were carried out 
using pulsed gradient spin-echo (PGSE) techniques on a Bruker 
DMX 200 spectrometer operating at 200 MHz for ’ H. 

In the basic fourier transform PGSE NMR experiment a spin- 
echo is generated using a 90°-180° pulse sequence with a magnetic 
field gradient G applied during a time b in the form of two pulses 
separated by a time A, one pulse before and one after the 180° pulse 
[15]. Fourier transformation of the digitized second half of the echo 
is used to separate the contributions to the echo from the different 
signals in the spectra. 

The amplitude of a given NMR resonance is 

A = AQe\p[—y^G^S^D{A — (5/3)] where Aq is the echo amplitude in 
the absence of a gradient, y is the gyromagnetic ratio and D is the 
self-diffusion coefficient of the molecule. The measured A{S) values 
were then fitted to this equation using a nonlinear least-squares 
fitting program. All the experimental lecithin echo attenuations 
were perfectly mono-exponential. In some cases, the echo attenu- 
ation of the lecithin signal was better detected using a stimulated 
echo pulse sequence [16]. The accuracy of the measured diffusion 
coefficients was better than ±5%, determined by repeated mea- 
surements. All experiments were carried out at 25±0.5°C, 
measured by a calibrated copper-costantan thermocouple. 

The densities of the solutions were determined using a vibrating 
tube flow densimeter (Sodev Model OSD) sensitive to 3 ppm or 
better. The densimeter was calibrated with l-2dichloroethane and 
cyclohexane using their reported density values [17]. The temper- 
ature was maintained constant at 25 °C within 0.005 °C using a 
closed loop temperature controller (Sodev Model CT-L). 



Results and discussion 

The apparent molar volume (V^) of the lecithin was 
calculated; 

^ _ Mpc lO^(d — do) , 

d nipcddo 

where Mpc and nipc are the (average) molecular weight 
and the molality of lecithin (PC), respectively, while d 
and da are the density of the solutions and of pure 
cyclohexane respectively. Figure lA shows as a 
function of the PC concentration; the PC self-dilfusion 
coefficient Dpc is shown as a function of PC concentra- 
tion in Fig. IB. The soybean lecithin used in these 
experiments is of the same brand as that used in most of 
the published investigations. As in the other published 
methods it was used without further purification, which 
consequently means that it is mixture of surfactants with 
different chain lengths and degrees of saturation [18]. 
This mixture introduces additional uncertainties to the 
evaluation of because Mpc = 772 g/mol is only an 
average molecular weight. Furthermore, comparisons 
between the two sets of data are difficult because the 
solutions for NMR experiments were made using 
perdeuterated cyclohexane (instead of the C 6 H 12 used 





Fig. 1 A Apparent molar volume of lecithin as a function of its 
concentration in lecithin/cyclohexane (CeH^) solutions. The dashed 
line represents the best fit for the whole data set according to Eq. (3). 
B Self-diffusion coefficient of lecithin as a function of its concentration 
in lecithin/perdeuterated cyclohexane (CeD^) solutions. The solid line 
represents the best fit for the mpc > 16 mmol data set according to 
Eq. (5) 

for density measurements). Despite these difficulties 
some information can be extracted from the data shown 
in Fig. 1 . As the PC concentration increase, a decrease in 
Dpc is observed. For nipc > 0.016 this decrease is larger 
than that expected with simple obstruction effects. 
Indeed, the formation of supramolecular aggregates in 
fast equilibrium with monomers is likely, and the 
observed diffusion would be due to the weighted 
contributions of the monomers Dmon, and the aggregates 
Dagg, according to [19]: 

D = Dagg + flc(Z)nion Dagg) (2) 

where a denotes the fraction of PC molecules present as 
monomers. Although, the existence of a true critical 
micelle concentration (cmc) in lecithin/organic solvent 
solutions is questionable (as lecithin is hydrated, the 
system becomes ternary), the aggregation of PC in oil is 
usually described as a micellization process [20]. Ac- 
cordingly we have used the pseudo-phase model to 
analyse our experimental data (using the mass-action 
model for our data gives the same results but requires a 
more complex treatment). Let us assume that the 
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surfactant exists as monomers up to a critical concen- 
tration c* (in a true binary system c* = cmc) their 
solubility limit. In this case a = 1 for all concentrations. 
Beyond c* there is equilibrium between monomers in the 
oil bulk and micelles; if the micelle is considered to be a 
pure phase then a = c*/mpc- In this case a plot of Dpc 
versus nipQ should result in a straight line with an 
intercept giving ^agg- From Fig. 2B it is clear that the 
experimental data are roughly in agreement with the 
theoretical prediction for mpc > 0.016 mol/kg giving an 
approximate value for D^gg = 3.4 x 10^" m^s^'. 

When the same model is applied to the apparent 
molar volumes we have a similar relationship [21]: 

F^ = Fagg-— AFpc (3) 

»lpc 

where Figg is the partial molar volume of PC within the 
aggregate and Afpc is the change in partial molar 
volumes of the surfactant upon micellization. The fit of 
the whole data set to Eq. (3) (shown as a dashed line 
in Fig. lA) is not satisfactory. When the same data are 





Fig. 2 A Apparent molar volume of lecithin as a function of nip^ for 
lecithin/CeHn solutions. Solid lines represent the best fit of Eq. (3) to 
the two subsets of data mpc >0.1 mol and mpc < 0.1 mol. B Self- 
diffusion coefficient of lecithin as a function of for lecithin/CeDn 

solutions. The solid line represents the best fit of the ntpc > 16 mmol 
data set to Eq. (5); the dashed line represents the best fit of Eq. (2) to 
the same data set 



plotted as versus nipQ the presence of two different 
regimes is evident. Below and above wipe ~ 0.1 mol/kg 
the data obey Eq. (3) but these two regimes are 
characterized by values of the product c*AVpc which 
are different in both magnitude and sign. Interestingly, 
the extrapolation to infinite concentration gives the same 
value for f^gg = 757.0 ± 0.2. Taken as a whole such 
results suggest a stepwise aggregation, in which the 
monomers first form small aggregates of few phospho- 
lipid molecules and subsequently these small aggregates 
evolve towards larger micelles. The existence of aggre- 
gates of different sizes, one of which has a very low 
aggregation number, has already been reported for 
lecithin in benzene (based on osmotic pressure measure- 
ments [21]) and the same phenomenon has been inferred 
for lecithin solutions in «-hexane [22]. The linear 
behaviour of as a function of nip^ and the same 
value of Vagg in both systems are indicative of the 
presence of a “double” cmc [22]. The abrupt disconti- 
nuity in the slope of the straight lines of Eig. 2A is 
indicative of a change in the sign of Afpc- Since the 
partial molar volume of the surfactant in the micelle is 
the same (a single intercept point in Fig. 2A), this is an 
indication that the transition from one kind of aggregate 
to the other is triggered by a cooperative transition in 
the phosphatidylcholine (PC) conformation. An alter- 
native explanation is based on the polydispersity of 
chain lengths and on the degree of saturation. It is 
conceivable that molecules with a given molecular 
weight aggregate first and subsequently the remaining 
monomers aggregate to give two populations of micelles. 
However, this last scenario seems unlikely because V^gg 
coincides closely for both the aggregates. The value of 
Figg = 757 ml/mol can be profitably used to improve the 
interpretation of the NMR data. The density of lecithin 
in the micelles can be evaluated easily (1.0198 g/ml) and 
it is possible to evaluate to lecithin volume fraction, 0, 
for all wipe. 

Comprehension of the lecithin diffusion improves if 
one takes the hindrance by other micelles into account as 
the first term in the virial expansion: 

D.gg=DlJl-k(l>) (4) 

where k is a constant which is 2 for spheres with only 
hard-core interactions. Using Eq. (4) and keeping in 
mind a = c*/wipc Eq. (2) is transformed into: 

^agg ~ ^ F>nion + f ^ ~ ^ l^mon(I ~ '/’) • (^) 

Wipe V mpc/ 

Accordingly, the experimental data for wipe > 
0.016mol/kg were fitted to Eq. (5). The agreement 
between the fit (solid line in Figs. IB and 2B) and the 
data points is satisfactory. The values obtained 
= 5 X 10-" m^s-'; c*{D^on-DlJl - 20)) « 
c*T)nion = 3.1 X 10 '^m^mols 'kg *) appear reason- 
able. For a monomer diffusion constant of the order 
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of 10^^ m^s^' the cmc should be in the millimolar range, 
in accordance with that determined by measuring the ' H 
chemical shifts for the egg yolk lecithin/benzene system 
[23]. From the value it is possible to evaluate the 
aggregate hydrodynamic radius r. Assuming a spherical 
aggregate, D°^^, and the micellar radius are related 
through the Stokes-Einstein equation {D° = KT / 6nr\r) 

and knowing the viscosity of C 6 D 12 = 1.02cP) a 

radius of 43 A is easily calculated. This is quite a 
reasonable value for the radius of a dried micelle since 
the length of a lecithin molecule is around 40 A. 

A final remark should be made regarding the 
sensitivity of the techniques used to monitor structural 
transitions. Density measurements are strongly influ- 
enced by changes in the system microstructure which 
involve variation in the conformation, and thus in the 
molecular volume, of the species present in solution. The 



transition from small to large aggregates is, indeed, quite 
evident. The self-diffusion coefficient measurements, 
however, are very sensitive to fast translational motion. 
Equation (5) shows that the observed quantity could be 
strongly affected by a small fraction of fast-moving 
monomers, although it is quite insensitive to slow 
translational motion (unless it involves the major part 
of the spin-bearing molecules). As a consequence, a 
transition from small to large aggregates (which both 
have a diffusion rate slower than that of monomers) can 
easily remain unrecognized. 
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Abstract Light, X-ray and neutron 
scattering measurements clearly 
showed strong temperature-related 
variations in micellar mean aggre- 
gation number, accompanied by 
dramatic thermal hysteresis effects, 
for a variety of micelle-forming 
gangliosides. Gangliosides, sialic- 
acid-containing glycosphingolipids, 
are amphiphilic molecules of bio- 
logical origin with a ceramide (a 
double-tailed hydrophobic part, like 
phospholipids) and an oligosaccha- 
ride chain as the headgroup. When 
temperature is varied in the range 
30-55 °C (below the critical temper- 
ature Lc = 55 °C) strong hysteresis 
effects are observed, with the micel- 
lar size depending on the thermal 
history of the sample. This thermo- 
tropic behaviour of gangiioside mi- 
celles has been attributed to the 
existence of different conformations 
of the bulky flexible saccharidic 
headgroup, each conformation hav- 



ing a slightly different geometric 
hindrance, and also to the tempera- 
ture related change of the equilibri- 
um between conformers in the 
micelle. In this paper, careful calo- 
rimetric measurements are presented 
which show that the collective 
properties of the hydrophobic core 
of gangiioside micelles also depend 
on the thermal history of the sample 
below the critical temperature 
The hydrophobic chains of the core 
undergo an order-disorder transi- 
tion, like phospholipids bilayers, but 
at a temperature which depends on 
the micellar size. Measurements re- 
fer to the GMl gangiioside, both in 
the natural composition and with a 
well-characterized hydrophobic 
part, namely Cl 8 and C20 sphingo- 
sines. 

Key words Gangliosides - Light 
scattering - Calorimetry - Thermal 
hysteresis 



Introduction 

Recently, light. X-ray and neutron scattering measure- 
ments have clearly shown strong temperature-related 
variations in micellar mean aggregation number, ac- 
companied by dramatic thermal hysteresis effects [1-3] 
for a variety of micelle-forming gangliosides. 

Gangliosides [4], sialic-acid-containing glycosphingo- 
lipids, are amphiphilic molecules of biological origin 
that are components of the plasma membranes of 
vertebrate cells and are particularly abundant in the 



nervous system. The double-tailed hydrophobic part 
(the ceramide) is made up of a long chain amino-alcohol, 
commonly called a sphingosine, coupled to a fatty acid; 
the headgroup is made up of several sugar units. 

The presence of a bulky hydrophilic headgroup, the 
size of which is comparable with that of the hydro- 
phobic region, constitutes an important difference with 
respect to most of the double-tailed lipids investigated, 
such as phospholipids. For most gangliosides, the 
packing parameter of the monomer inside the aggre- 
gate (defined as P — vj {A)£, where v and £ are the 
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molecular hydrophobic volume and length respectively, 
and {A) is the mean surface area per molecule at the 
interface [5]) is between 1/3 and 1/2, but closer to 1/2. 
This value is in the region of the transition between 
micelles and bilayers, where large micelles are formed 
and where even a small variation of the physical 
parameters (e.g., surface area, headgroup hindrance) 
may result in a dramatic change in the shape and size 
of the aggregate. Therefore, measuring the aggregation 
number of a ganglioside micelle represents a sensitive 
way to follow the geometrical changes of monomers 
within the aggregate. Therefore, a change in the 
aggregation number, observed by scattering techniques, 
can be attributed to a variation in the packing 
conditions of the monomer, which also have an 
influence on the thermodynamic observables that can 
be measured by calorimetry. 

In this paper, careful calorimetric measurements are 
presented, showing a thermotropic behaviour which can 
be interpreted in the same framework as the scattering 
results. 



Experimental 



The ganglioside GMl, on which we have focused, has five sugar 
units in the headgroup. It is found in the nervous system in what 
will be referred to as the “natural” form, that is as a mixture of 
molecules all with the same GMl headgroup, but with some 
variability in the ceramide portion. In particular, while most of 
the fatty acid is stearic acid (more than 90% of the total fatty 
acid content), the long chain base is almost equally distributed 
between C18 and C20 sphingosine. Gangliosides containing 
sphingosines of a given length can be prepared [6]: GMl with 
Cl 8 and C20 sphingosines were used, GMl (Cl 8) and GMl 
(C20) respectively. 

To avoid the uncontrolled irreproducibility which may affect 
calorimetric measurements, preventing us from obtaining unequiv- 
ocal results, a fixed protocol for the preparation of the dry samples 
was followed: (1) dissolution of the gangliosides in chloro- 
form:methanol 2:1 (v/v); (2) removal of the solvent at 45 °C in a 
stream of nitrogen; (3) drying under high vacuum overnight. The 
dry samples were then dissolved in deionized and redistilled water 
at 20 °C to give a final concentration of around 15 mg/ml, as 
assessed a posteriori according to the method of Svennerholm [7]. 
Two to four samples at a time were prepared, put in sealed cells, 
and kept at 20 °C in a water bath. Prior to differential scanning 
calorimeter (DSC) measurements, samples were incubated at 
various fixed temperatures for 24 h. When this procedure is 
followed, DSC measurements on different samples submitted to 
the same treatment are nicely reproducible. 

Light scattering experiments were performed on a non-com- 
mercial apparatus equipped with an argon-ion laser, a digital 
correlator and a thermostatted cell. The apparatus and the 
technique have been described in full detail previously [8]. 

DSC experiments were performed on a Microcal MC-2 
Differential Scanning Calorimeter (Microcal Inc., Amherst, 
Mass., USA); the reference cell contained deionized and 
redistilled water. Measurements were recorded over the temper- 
ature range 2 °C-60 °C at a scan rate of 13 °C/h Subsequent 
heating scans were performed with a delay of at least 1.5 h 
between each other. 



Results and discussion 

A typical behaviour for most ganglioside micelles is 
shown in Fig. 1 , where the mean aggregation number N, 
deduced by light scattering measurements, is plotted as 
a function of the equilibration temperature. When the 
micellar solution, prepared by dissolving the dry gang- 
lioside in water at room temperature, is heated the 
aggregation number decreases considerably to a value 
which depends on the equilibration temperature itself. 
Figure 1 shows that this phenomenon occurs in a well- 
defined temperature range, between 30 °C and 55 °C. 
The aggregation number does not change from the 
initial low-temperature value in the range below 30 °C, 
while above 55 °C a constant lowest value is attained. 
The aggregation numbers reported in Fig. 1 refer to the 
ganglioside GMl. 

The final value for the aggregation number, at a given 
temperature in the range 30-55 °C is reached according 
to a slow exponential equilibration process, which 
requires several hours as it involves monomer rear- 
rangement of amphiphiles with low critical micelle 
concentration (c.m.c.) [9]. If a fast temperature scan is 
performed from 5 °C to 70 °C, without waiting for the 
long equilibration times required by the ganglioside 
micelles to rearrange, then the aggregation number 
remains practically constant at all temperatures and 
rapidly decreases to the lowest value not far below 
55 °C. As far as the aggregation number is concerned, 
during a fast scan micelles are photographed nearly in 
their initial condition at all temperatures below 55 °C. 

On cooling the micellar solution, N does not increase 
again but stays at the lower value reached at the higher 
equilibration temperature; any subsequent heating and 
cooling procedure which does not exceed this tempera- 




Fig. 1 Average aggregation number N of GM 1 micelles as a function 
of the equilibration temperature, provided that this temperature has 
not been exceeded. Below 30 °C and above 55 °C constant values are 
found; as the temperature rises from 30 °C N decreases steadily until a 
constant low value is reached at 55 °C 
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ture does not affect the value of N. Therefore the system 
shows a thermal hysteresis phenomenon, characterized 
by a Tc (around 55 °C), after which the thermal 
hysteresis disappears completely. This behaviour is not 
related to any irreversible chemical denaturation of the 
ganglioside on heating. In fact, when the sample is dried 
and redissolved in water the plot of the aggregation 
number versus temperature is identical to that reported 
in Fig. 1. As a result, the aggregation number of 
ganglioside micelles depends on their thermal history, 
in particular on the highest temperature that they have 
been submitted to, for a sufficiently long equilibration 
time. A similar behaviour is displayed by other ganglio- 
sides [1]. 

Bearing in mind the connection between aggregation 
number and monomer packing properties and the 
conformational variability of the ganglioside headgroup 
[10-13], we interpreted this behaviour in terms of a 
cooperative conformational transition involving the 
hydrophilic part of the ganglioside (changing the average 
surface area by about 4 A^ which is of the order of 4% of 
the monomer average surface area [2]) rather than the 
hydrophobic region. The combined discussion of light 
scattering and DSC results will help to clarify this point, 
showing that a melting transition of the hydrocarbon 
chains also occurs, but at lower temperatures. 

It is usual in amphiphilic aggregates of the lamellar 
type to find a cooperative transition from an ordered 
solid-like arrangement of the hydrophobic tails to a 
disordered liquid-like structure, as the temperature is 
raised. The transition, generally referred to as a Lyj ^ 
transition, is revealed by a sharp pseudo first-order 
variation of the specific heat [14]. While it is particularly 
intense in lamellar aggregates, this transition is practi- 
cally absent in micelles because of the liquid-like nature 
of the micelle interior, usually made up of shorter 
chains, and because of their small aggregation number 
(of order of 10^), which prevents the propagation of 
cooperative effects [15]. By contrast, micellar aggregates 
made up of gangliosides have a rather complex thermo- 
tropic behaviour. This behaviour has already been 
reported in the literature, mainly for bilayer-forming 
gangliosides, together with some “annoying” irrepro- 
ducible features, which could be eliminated but not 
understood [16]. In fact, systems containing ganglio- 
sides, or ganglioside/phospholipid mixtures, exhibit 
thermal hysteresis and metastability during the heating 
and cooling cycles in DSC experiments which disappear 
only after prolonged thermal annealing of the samples 
[16]. 

In the present study, the GMl micellar system was 
observed using DSC, showing two main broad endo- 
thermic peaks; the more intense peak is seen between 
10 °C and 30 °C and the other peak is seen in a higher 
temperature range, roughly between 30 °C and 60 °C. In 
addition, below 10 °C another peak is clearly visible in 



GM1(C20), but absent in GM1(C18) and very weak in 
natural GMl. 

In order to gain an insight into peak assignment, let 
us compare DSC measurements performed on samples 
prepared according to the same method (i.e., dissolution 
of the dry compound and temperature equilibration), for 
the different molecular species GM1(C18), GM1(C20), 
and the natural compound. In Fig. 2, the calorigrams 
for solutions of the three species equilibrated at 20 °C, 
are shown as thick lines. The two main peaks are clearly 
visible in all three spectra with varying degrees of 
superposition. The micelles formed by all three GMl 
samples have been observed, by light scattering, to have 
practically the same aggregation number, and also to be 
geometrically indistinguishable. However, it can be 
observed that when the hydrocarbon chain length is 
increased from 18 to 20 carbon atoms, the intensity of 
the first main peak of the calorimetric scan increases and 
its position shifts about 10 °C higher; the second main 
peak at higher temperatures is less affected by chain 
length variations. The first main peak observed for the 
natural compound, which is a mixture of the two 
selected molecular species, occurs in an intermediate 
position. DSC data for bilayers made up of different 
glycolipids with a small headgroup, which carry cer- 
amides of varying length, indicate that longer chains 
correspond to higher Lp transition temperatures 

[16], as happens for the more common diacylglycerol 
lipids and as one would expect from extrapolating 
general hydrocarbon behaviour. 

According to these observations, we may conclude 
that the first main peak displayed by the GMl micellar 
solutions, in the range 10-30 °C, is likely to be 




Fig. 2 Differential scanning calorimeter (DSC) runs for GMl (Cl 8) 
{bottom), natural GMl {centre) and GM1(C20) {top) micellar 
solutions. Thick lines refer to “first” calorimetric runs, thin lines to 
“second” runs 






associated with a transition from a more ordered to a 
more disordered condition of the hydrocarbon chains, 
that is, a sort of melting. On this basis, the peak 
occurring below 10 °C for the GM1(C20) and the 
natural GMl could be associated with the “pretransi- 
tion” which is commonly observed in lipid bilayers [14]. 
Let us consider the meaning of “order or disorder of the 
hydrophobic chains” in a volume as small as a micelle 
core, as compared with a bilayer core or a bulk phase. A 
bilayer core, although limited in thickness to at most 
twice the length of the chains, is extended in volume, a 
feature which is essential in allowing for the onset and 
propagation of cooperative behaviour (like that involved 
in chain conformational rearrangement). In addition, a 
bilayer core displays a geometry which favours the 
parallel disposition of the hydrophobic chains, as it 
originates from this sort of chain packing. In general 
large numbers of monomers per aggregate, which give 
rise to a large hydrophobic volume, together with a 
favourable geometry, should be the basis for the 
observation of calorigrams which display peaks corre- 
sponding to Ly; ^ L„ transitions. In fact, it must be 
possible to realize a more ordered hp phase in the 
hydrophobic region, which eventually melts to a less 
ordered L„ phase as temperature is raised. 

These considerations are easily overlooked, as DSC 
measurements in this area of biological interest are 
mainly performed on liposome-type systems made up of 
a very large number of lipids per aggregate (usually of 
the order of millions), so that the structure on the 
colloidal scale is not so important. DSC results on 
micellar lipids like gangliosides are naturally viewed as 
an extension of those belonging to liposome lipids, and 
interpreted accordingly, disregarding the fact that the 
aggregation number is orders of magnitude lower. In 
fact, in usual micellar systems of synthethic amphiphiles 
with a low aggregation number, the hp transition 

is not observed. Instead ganglioside micelles, although 
small, are still constituted by a considerable number of 
monomers (200-300) large enough to allow for cooper- 
ative behaviour. Moreover, a role is also played by their 
disk-like rather than rod-like shape (axial ratio about 2 
[17]), resembling a small piece of bilayer. We also want 
to emphasize that in these micellar conditions for chain 
packing there is quite a big difference in the transition 
temperatures required for a more ordered Lyj phase in 
the Cl 8 and C20 molecular species, although there is no 
significant difference in their aggregation properties. 

The assignment of the second main peak, at higher 
temperatures, is much more difficult. Nevertheless, 
although it shows a different degree of superposition 
with the first main peak for the three GMf species 
(which moves towards higher temperatures in the 
sequence Cf8-nat-C20), it is not difficult to see that this 
second peak is not very sensitive to chain length 
variations. However, it does change if one follows 



different protocols for the preparation of the dry 
compound before dissolution, a parameter which does 
not affect the first main peak at all. Although this is 
probably directly associated with variations in the 
headgroup conformation, which we believe occur in 
the same temperature range, the data are not sufficiently 
clear to allow a conclusive discussion. However, consid- 
eration of the displacement of the first main peak gives 
direct and indirect information about the thermal 
hysteresis phenomenon that we are interested in. 

The behaviour of the specific heat versus temperature 
for the three samples [GMl (Cl 8), natural GMl and 
GM1(C20)] is shown as thick lines in Fig. 2. These 
samples were kept at an equilibration temperature of 
20 °C and then submitted to a temperature scan at a rate 
of 13 °C/h in the range 2-60 °C. The same three samples 
were then cooled down to 2 °C, without being removed 
from the measuring cell, and submitted to a second 
identical temperature scan. The resulting calorigrams are 
drawn as thin lines in the same figure. The chain-melting 
peaks are observed again but now they are centred some 
degrees lower. The peak positions and amplitudes do not 
change for any subsequent identical temperature scans, 
as shown in Fig. 3 for GM1(C18). The peak positions in 
the thin lines of Fig. 2 show an internal trend for the 
three samples which is similar to that already described 
for the first run (thick lines). 

Let us now focus on a single sample, the natural 
GMl, for which the first main peak occurs at a 
temperature of 26 °C (thick line) and then 20 °C (thin 
line), and describe what happens for a different equil- 
ibration temperature. For instance, if the sample is 
equilibrated at 40 °C and then submitted to a first 
temperature scan (from 2 °C to 60 °C), the chain- 
melting transition is observed at 22 °C. If a second scan 
is performed on the same sample, the transition 
temperature comes down to 20 °C and stays the same 
for all subsequent scans. 




Fig. 3 Comparison of “first”, “second” and any subsequent runs in 
the case of GMl (Cl 8) 
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In general, the series of experiments performed on 
samples equilibrated at different temperatures leads to 
the following conclusions: 

1. Samples equilibrated at different increasing tempera- 
tures give rise to chain-melting peaks centred at 
different decreasing temperatures during a first scan 
to 60 °C; the results are reproducible, that is, different 
replicas of the same samples, equilibrated at the same 
temperature, show similar results, which are reported 
in Fig. 4. 

2. Samples submitted to a second scan give rise to chain- 
melting peaks centred around a temperature which is 
lower than that for the first scan and which is the 
same for all samples independent of their equilibra- 
tion temperature before the first scan; actually all 
second and subsequent scans are superimposable to a 
“final” spectrum. 




Fig. 4 DSC “first” runs for natural GMl micellar solutions kept at 
different equilibration temperatures (20 °C, 30 °C, 40 °C, 45 °C, 
50 °C, 60 °C) displayed in sequence starting from the bottom with an 
offset. “Second” and subsequent runs are all superimposable to a 
“final” one which is the same as that obtained for the sample kept at 
an equilibration temperature of 60 °C 



3. Samples equilibrated at 60 °C show no difference 

between first, second and subsequent scans, all being 

of the “final” type. 

Similar behaviours have also been observed for 
GMl (Cl 8) and GM1(C20). Table 1 shows a summary 
of the positions of the chain-melting peak. 

The results obtained by laser light scattering and by 
DSC can be interpreted using the same framework 
involving cooperative behaviour of the monomer head- 
groups. In fact, assessing the mean aggregation number 
of the micelles and revealing changes in the specific heat 
constitute a way of examining the packing properties 
and their variation, both from a geometric and a 
thermodynamic point of view, ultimately giving a clear 
picture of the thermal hysteresis phenomenon in gang- 
lioside assemblies. The light scattering data give key 
information necessary in understanding why the transi- 
tion temperature varies along the different DSC runs 
(Fig. 4, Table 1). The smaller the micelle size, the lower 
is the transition temperature, a result which is consistent 
with the physics of first-order phase transitions in 
confined systems, since the packing conditions inside 
the aggregate considerably affect the trans-gauche 
population equilibrium of the chains, at any given 
temperature. 

Since the micellar size depends on forces acting on the 
monomers above and below the hydrophilic-hydropho- 
bic interface, any change in aggregation number can be 
viewed as revealing a change in the lateral pressure to 
which the monomers themselves are subjected. Accord- 
ing to the Clapeyron equation, the transition tempera- 
ture, 7j„, is related to the applied pressure 11 through the 
relationship; dTA/dll = T^AvjAH [18], where AH and Av 
are the melting enthalpy and volume variation upon 
transition. Since both AH and Av are positive (the molar 
volume of the disordered type phase is always greater 
than the volume of the Lp type phase, where the 
hydrophobic chains are mostly in the ordered trans 
conformation [19]), it follows that the melting transition 



Table 1. Chain melting temperature as a function of the sample equilibration temperature for micellar solutions of GM1(C18), natural 
GMl and GM1(C20), as found for the first and second DSC runs. The general trends are the same, although the temperatures are shifted 



Equilibration 
temperature (°C) 


Transition temperature (°C) 










GM1(C18) 




Natural GMl 




GM1(C20) 




1° scan 


2° scan 


1° scan 


2 ° scan 


1° scan 


2° scan 


17 


18 


12.22 






32.62 


22.55 


20 


17.11 


12.34 


26.33 


19.71 


31.73 


21.88 


30 


17.47 


12.28 


26.29 


20.02 


30.73 


22.55 


35 


14.78 


11.84 


24.64 


19.94 






40 


14.57 


12.42 


21.68 


20.07 






45 


13.92 


11.69 


20.87 




23.46 


23.16 


50 


12.14 


11.75 


19.58 


19.83 






60 


12.20 


11.80 


20.05 


19.90 


22.80 


22.60 
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should occur at lower temperatures for aggregates with a 
larger surface area (or a smaller aggregation number), as 
is observed in the present DSC data. 

Together all these findings support the existence of an 
equilibrium among different conformations of the sac- 
charidic headgroup in ganglioside aggregates acting 
cooperatively to modify the average surface area. This 
is shown directly by light scattering as a change in 
aggregation number, and by calorimetry through the 
shift in the melting temperature of the micelle hydro- 
phobic core. As discussed previously [2], these confor- 
mational changes must occur in a cooperative way in 
order to reproduce the observed thermal hysteresis effects 
and are triggered by temperature (for dilute micellar 
solutions) or by intermicellar forces (in the case of very 
concentrated crystal-like suspensions of micelles [20]). 



In conclusion, the present experimental work shows 
an interesting interplay of surface and core cooperative 
transitions in ganglioside micelles. The cooperative 
transition involving the headgroups at the micellar 
surface (irreversible below the critical temperature) is 
coupled to the cooperative order-disorder transition of 
the hydrophobic chains in the core via the geometric 
constraints imposed by confinement in the micellar 
aggregate, constituted by a finite rather small number of 
monomers. This coupling induces irreversibility in the 
melting temperature of the hydrophobic chains, a 
transition which is known to be reversible. 
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Abstract The effects of an external 
electric field on lecithin organogels 
formed by the addition of trace 
amounts of water or glycerol, in- 
ducing a formation of polymer-like 
micelles, have been studied by oscil- 
lating rheology. Field application 
brought about an increase in the 
organogel viscosity and shear mod- 
uli when the threshold field strength, 
itmin, was exceeded. A second critical 
field strength, Fmax, determines a 
boundary between stable and un- 
stable electrohelogical (ER) effects. 
The dependencies of /imax on the 
molar ratio of polar additive to 
lecithin differ for water- and glycer- 
ol-containing systems. In the former, 
L^max increases over the whole con- 
centration range for the polar addi- 
tive whereas for systems including 
glycerol Fmax passes through a 



maximum. Frequency-sweep mea- 
surements on the lecithin organogels 
under an electric field revealed a new 
rheological regime at intermediate 
frequencies; both the dynamic mod- 
uli depend on The same be- 
havior has only previously been 
observed with polymer-containing 
systems. This finding - together with 
observations of the formation of 
filaments oriented in the direction 
of the electric field - has enabled us 
to suggest that the ER effects in 
lecithin organogels are caused by an 
alignment of parts or whole poly- 
mer-like micelles along the electric 
field lines. 

Key words Electrorheological 
effect - Organogel - Revised 
micelles - Polymer-like micelles - 
Lecithin 



Introduction 

Jelly-like phases (organogels) are formed in nonaqueous 
solutions of lecithin when water [1, 2], or other polar 
solvents such as glycerol [3-5], is added in small 
amounts. This is because the additive induces a transi- 
tion from spherical reverse micelles into extended 
tubular - polymer-like - micelles [6-9]. In water- 
containing mixtures lecithin organizes itself into 
micelles, by forming hydrogen bonds between the 
phosphate groups so that two neighboring lecithin 
molecules are linked together by a water molecule 
[3, 4, 10, 11]. A similar molecular mechanism has been 
suggested for organogels containing other additives [3]. 
The elongated micelles that are thus formed can entangle 



and build up a three-dimensional network that has 
viscoelastic properties. 

The phase behavior in ternary mixtures is determined 
first of all by a molar ratio of a polar additive to lecithin 
[3, 4, 11]. Four different phase regions can be distin- 
guished. At small amounts of a polar additive, the 
mixtures are low viscous Newtonian liquids containing 
spherical or short tubular micelles. At a certain thresh- 
old molar ratio, the micelles become long enough to 
build up a three-dimensional entangled network. As a 
result, a highly viscous organogel with Maxwell rheo- 
logical behavior is formed. After exceeding a second 
critical molar ratio of polar additive to lecithin, a phase 
separation of the homogenous organogel into a low 
viscous fluid and a compact organogel occurs. At still 
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higher concentrations of the polar additive, the compact 
organogel turns into a solid precipitate. 

Both water- and glycerol-containing jelly-like phases 
show nearly ideal Maxwell-like rheology. Deviations can 
be seen only in the high-frequency range. A detailed 
description of the rheology of these systems, in the 
absence of an electric field, is given in [12]. It was shown 
that water-containing organogels have higher values for 
the zero shear viscosity t]o than the glycerol-containing 
ones at the same lecithin concentration. As rjo depends 
on the molecular weight, and therefore on the micellar 
length [13, 14], it is expected that the micellar aggregates 
are larger in water-containing organogels than glycerol- 
containing organogels. In contrast, the latter show 
higher values for the plateau modulus Gq. Gq is directly 
related to the density of entanglement points [13, 14]. 
This means that glycerol induces the formation of 
temporal three-dimensional networks with more entan- 
glement points between polymer-like micelles than water 
does. The most significant differences were found when 
the relaxation times were compared. Water-containing 
jelly-like phases have relaxation times that are about one 
order of magnitude larger than those found for glycerol- 
containing mixtures. Therefore, stress relaxation should 
be faster for organogels made using glycerol. 

Previous investigations have shown that the applica- 
tion of an external electric field to lecithin organogels 
induces changes in optical and rheological properties, as 
well as the formation of anisotropic filaments oriented 
along the electric field lines [5, 15-17]. These features - 
structure formation and the increase of viscosity under an 
external electric field - are characteristic for electrorheo- 
logical (ER) fluids [18-20]. The ER effect is a polarization 
of dispersed particles. Electrostatic interactions between 
particles force them to arrange in chain-like or columnar 
structures oriented parallel to the field lines, which results 
in an increase of rheological parameters. The phenomena 
observed in lecithin organogels are very similar and 
therefore can be described as ER effects. The mechanism 
of these ER effects is still poorly understood. 

This article presents the results of investigations into 
the rheological behavior of lecithin organogels contain- 
ing water or glycerol under an external electric field. It 
has been found that changing the polar additive brings 
about a significant variation in the ER effect. Glycerol- 
containing organogels have been shown to exhibit a 
more stable response than the water-containing ones. 
It has been established that there is a new rheological 
regime where the dynamic moduli vary with the square 
root of the frequency. A possible mechanism for ER 
effects is considered. 



Materials and methods 

Soybean lecithin (Epikuron 200) was obtained from Lucas Meyer. 
«-Decane (puriss quality) was obtained from Fluka and glycerol 



(puriss quality) from Merck. Water was doubly distilled. Jelly-like 
phases were prepared using the following method. Lecithin and the 
additive (water or glycerol) were dissolved in «-decane at 50 °C and 
left under stirring at ambient temperature for a few days. Before 
measurements were made, the samples were left without stirring for 
about 1 day to reach the equilibrium state. 

Rheological measurements were made using a Bohlin CS 10 
stress controlled rheometer. Experiments without an electric field 
were performed using a cell with cone-and-plate geometry and a 
cone angle of 4°. To study the ER effects, a specially designed cell 
built in-house was used; it allowed application of a voltage to the 
organogel examined. Plate-to-plate geometry was used to establish 
a homogenous electric field in the gap. The gap width was 1 mm. 
The voltage was supplied by a Heinzinger NEL-6000-30 neg d.c. 
power source. The temperature was 25.0 °C. 



Results and discussion 

Eigure 1 shows measurements of the complex viscosity 
\rj*\ at a constant frequency of 1 Hz for a sample 
containing 35 mg/ml lecithin and 0.9 molecules of 
glycerol per molecule of lecithin. Similar results were 
obtained for the dynamic moduli. Eigure 1 demonstrates 
that a field of 60 V/mm does not change the rheological 
parameters. A critical field strength, designated Emin, is 
necessary to achieve measurable ER effects. It can be 
seen in Eig. 1 that the application of an electric field of 
500 V/mm produces stable ER effects; \rj*\ stays un- 
changed as long as the voltage is kept constant. After the 
voltage has been switched off, |f 7 *| returns to its initial 
value. An organogel phase under 600 V/mm shows an 
unstable ER response. After initial stepwise increasing, 
\rj*\ decreases continuously until the electric field is 
switched off. Unstable ER effects appear whenever a 
second critical field strength, which will be called Emax, 
is exceeded. 

Eigure 2 A and B shows the dependence of Emin and 
Emax OB the molar ratio of the polar additive to lecithin, 
for water- and glycerol-containing mixtures, respective- 
ly. The vertical dotted lines indicate boundaries between 




Fig. 1 Temporal changes in complex viscosity measured at a constant 
frequency of 1 Hz and at different electric field strengths for an 
organogel containing 35 mg/ml lecithin and 0.9 molecules of glycerol 
per molecule of lecithin 
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different phase regions; low viscous Newtonian liquid 
(1), one-phase organogel (2), two-phase system contain- 
ing compact organogel (3) and two-phase system 
containing solid precipitate (4). The graphs can be 
regarded as phase diagrams in which the region of stable 
ER effect is confined between the lines of and -Emax- 
It is evident from Fig. 2A and B that the additive 
concentration has a strong influence on iimax, whereas 
iimin is nearly independent of the amount of additive. A 
striking difference can be seen between Fig. 2A and B 
when the dependencies of fimax on the molar ratio of 
polar additive to lecithin are compared. In the glycerol- 
containing samples, F'niax passes a maximum immedi- 
ately after the phase separation of an organogel into 
a compact gel and a nonviscous solution. At higher 
concentrations of glycerol, F'max drops down. In con- 
trast, the iimax values of the water containing systems 
show a gradual increase over the whole range of water 
concentration. Another important feature worth noting 
is that little or no ER effects were observed at small 
molar ratios of additive to lecithin, i.e., in the region of 
low viscous Newtonian liquid. These systems contain 
only spherical or short cylindrical micelles; the latter are 
not able to produce an ER response. Therefore, it may 
be concluded that the presence of a three-dimensional 
network of entangled polymer-like micelles is necessary 
for a significant ER effect to occur. 





Figure 3A shows a typical example of a frequency- 
sweep measurement of \rj*\ and the dynamic moduli 
under an electric field of 1000 V/mm. The sample 
contained 75 mg/ml lecithin and 0.9 molecules of 
glycerol per lecithin molecule. When these data are 
compared with those obtained for the same mixture in 
the absence of an electric field (Fig. 3B), it can be 
ascertained that all the rheological parameters increase 
by about one order of magnitude in the electric field. 
Another important difference between Fig. 3A and B 
becomes evident when the behavior at intermediate 
frequencies is compared. In this frequency region, a new 
rheological regime appears where the dynamic moduli 
are dependent on /''^^, for measurements under an 
electric field. Such a rheological behavior has not 
previously been found in systems consisting of poly- 
mer-like micelles, although it is observed in polymer- 
containing systems where the polymer molecules are in 
either disentangled [13, 14] or ordered states [21, 22]. 
Both disentangling and ordering of polymer-like micelles 
seems to be possible in the presence of an external 
electric field. 

The experimental results presented suggest that the 
ER effect in lecithin organogels is caused by the 
alignment of parts or whole polymer-like micelles in 
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Fig. 2 i^min (tower straight line) and iVax (upper curve) versus the 
molar ratio of water (A) and glycerol (B) to lecithin 



Fig. 3 The complex viscosity, storage modulus and loss modulus 
versus oscillation frequency for a glycerol-containing organogel under 
an electric field of 1000 V/mm (A) and without an applied voltage (B). 
The molar ratio of glycerol to lecithin is 0.9 
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the direction of the electric field. This is supported by 
observations using an optical microscope which reveal 
that the micellar filaments thus formed are oriented 
parallel to the electric field lines. Alignment of long 
polymer-like micelles is connected with chain disentan- 
glement and ordering. These effects could be the reason 
for the intermediate regime described above, where the 
dynamic moduli depend on As the electric field is 
applied perpendicularly to the direction of shear, the 
ordering and alignment of micellar aggregates provides 
additional resistance to shear flow. This causes the 
increase of rheological parameters, i.e., the ER effect. It 
is very similar to the phenomena observed in common 
ER fluids where chains or columns of solid particles 
are formed under the action of an electric field. It must 
be noted that no ER effect was observed in systems 



containing only spherical or short cylindrical micelles. 
The orientation of these small aggregates in the direction 
of the electric field cannot influence the shear flow. 
Hence, the existence of extended polymer-like micelles 
is necessary for the occurrence of an ER effect. 

The differences observed between water- and glycer- 
ol-containing systems cannot be explained yet. Maybe 
they can be attributed to notable differences between the 
dipole moments and the polarizabilities a of the two 
additives. The values of ^ and a for water are 1.834 D 
and 1.456x10“^° m^, while for glycerol they are 2.67 D 
and 8.14x10““ m^ [23]. 
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Abstract Langmuir films formed by 
a group of polyphenyl carboxylic 
acids, derivatives of symmetrical 
triphenylbenzene, were investigated 
at the air/water interface. Surface 
pressure and electric surface poten- 
tial measurements were supplement- 
ed by Brewster angle microscope 
images. The two-fold decrease in 
area per molecule, observed within 
the plateau region of the pressure/ 
area isotherms, is tentatively attrib- 
uted to conformational changes of 
the triphenylbenzene ring system 
upon compression. 
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Introduction 

Polyphenyl carboxylic acids with an uncondensed ben- 
zene ring system can be treated as aromatic analogues of 
alkanoic acids. They constitute an interesting group of 
compounds recently found to be capable of Langmuir 
monolayer formation [1,2]. The compounds which have 
already been studied are derivatives of symmetrical 
triphenylbenzene, with R = -H, -CH3, and -C6H5, as 
shown in Scheme 1. 

The pressure/area {njA) isotherms of these com- 
pounds exhibit a characteristic plateau. The area/ 
molecule at the beginning of the plateau is approxi- 
mately twice the area at the end of the plateau. 
Interestingly, the Langmuir monolayers formed by a 
series of 4'-alkyl[l,l'-biphenyl]-4-carbonitriles are char- 
acterized by isotherms with a distinctly broader plateau, 
for which the area/molecule increases at least three times 
[3, 4]. More recently a similar behaviour was found 
for /i-terphenyl derivatives that incorporated different 
non-ionic hydrophilic groups laterally attached at the 
2'-position to the rigid rod-like /)-terphenyl core and 



hydrophobic alkyl or alkoxy groups at the 4,4"-posi- 
tions [5]. It has been suggested that the formation of 



COOH 




1 R = -H 

2 R = -CH3 

3 R = -C6Hs 

4 R = -C6H4-CH3 -p 

5 R = -C 6 H 4 -C 6 H 5 - p 



Scheme 1. 
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such a broad plateau is due to the formation of a triple 
layer, consisting of a bilayer on top of a monolayer, via a 
“roll-over” mechanism [3-5]. The plateau found for 
polyphenyl carboxylic acids could formally be attributed 
to the transition of a monolayer into a bilayer. It is 
difficult, however, to suggest an adequate model. In this 
paper we undertake further studies, supplemented by the 
results of surface potential measurements and Brewster 
angle microscopy images, to gain more information on 
the film behaviour of a variety of polyphenyl carboxylic 
acids with the following substituents at the 4'-position, 
R = -H, -CH3, -CfiHs, -C6H4CH3 and -C6H4C6H5 
(Scheme 1). 



Experimental 

Syntheses 

Preparation of 5'-phenyl-l,r:3',l"-terphenyl-4-carboxylic acid 
(Scheme 1, compound 1) and 4'-methyl-5'-phenyl-l,T:3',l"-terphe- 
nyl-4-carboxylic acid (2) have been described in Ref. [1] and that of 
4',5'-diphenyl-l,r:3',T'-terphenyl-4-carboxylic acid (3) in Ref. [2]. 

4'-(4-methylphenyl)-5'-phenyl- 1 , l':3', 1 "-terphenyl-4-carboxylic 
acid (see Scheme 2, compound 4) was prepared by refluxing the 
pyrylium salt (2.26 g; 0.005 mol) and anhydrous sodium 4-meth- 
ylphenylacetate (3.44 g; 0.02 mol) in acetic anhydride (15 cm^) for 
3 h with constant stirring. The mixture was cooled to room 
temperature. The colourless precipitate of sodium perchlorate and 
unreacted sodium 4-methylphenylacetate was filtered off, washed 
with ethyl acetate and discarded. The solvent was removed under 
reduced pressure and the oily residue was boiled for 1 h with 
40 cm^ of 25% aqueous NaOH solution. Sodium hydroxide pellets 
were added if necessary to ensure an alkaline medium. The sodium 
salt which precipitated upon cooling was separated and recrystal- 
lized from dilute NaCl solution. The colourless salt was converted 
into the acid by treating its hot suspension in 50 cm^ of water with 
1:1 hydrochloric acid. The colourless product was separated, 
washed with water and dried in air. The crude acid was purified by 
boiling in acetic acid (ca. 70%), then recrystallized twice from 
acetic acid (95%) and dried under vacuum at 120 °C. The yield was 



0.60 g (27.3%). Melting point: 263-264 °C. Analysis calculated for 
C 32 H 24 O 2 : C, 87.23; H, 5.50. Found C, 87.11; H, 5.58. IR (KBr) 
(cm“‘) 3450, 3023, 2923, 2672, 2546 (OH -f CH); 1693 (C = 0); 
1605 (Ar rings); 1434, 1293. 'H NMR (CDCI 3 ) S (ppm) 8.20 and 
7.81 (2d, 4H, AA'BB', /ortho = 8.3 Hz, aromatic H of the ring with 
COOH group); 7.71 (s, 2H, aromatic H 4' and 6 '); 7.22-7.14 
(m, lOH, aromatic H of rings at 1' and 3'); 6.80 and 6.74 (2d, 4H, 
AA'BB', /ortho = 7.9 Hz, aromatic H of the ring with CH 3 group); 
2.19 (s, 3H, CH 3 ). 

3',5'-diphenyl- 1 , l':4', 1 ":4", 1 "'-quaterphenyl-4-carboxylic acid 
(Scheme 2, compound 5) was prepared from pyrylium salt 
(2.26 g; 0.005 mol) and anhydrous sodium 4-biphenylacetate 
(4.68 g; 0.02 mol) using the procedure described for compound 4. 
The sodium salt of the acid (5) is almost insoluble in hot water. The 
carboxylic acid (5) was purified by boiling in acetic acid (ca. 70%) 
and then in nitromethane. An analytical sample was obtained 
by recrystallization from a large amount of acetic acid (95%). 
The yield was 1.00 g (39.8%). Melting point: 320-321 °C. Analysis 
calculated for C 37 H 26 O 2 : C, 88.41; H, 5.22. Found: C, 88.59; 
H, 5.27. IR (KBr)(cm-') 3450, 3029, 2882, 2672, 2546 (OH + CH); 
1687 (C = 0); 1605 (Ar rings); 1434, 1294. 'H NMR (OMSO-d^) S 
(ppm) 13.02 (IH, broad, COOH); 8.04 and 7.98 (2d, 4H, AA'BB', 
/ortho = 8.3 Hz, aromatic H of the ring with COOH group); 7.74 
(s, 2H, aromatic H 4' and 6 '); 7.59 and 6.95 (2d, 4H, AA'BB', 
/ortho = 8.3 Hz, aromatic H of the ring at 2'), 7.43-7.38 (m, 4H, 
o- and m-H of the ring at 4"); 7.32-7.29 (m, IH, p-H of the ring 
at 4"); 7.23-7.16 (m, lOH, aromatic H of rings at 1' and 3'). 

Apparatus 

IR spectra were recorded on a Bruker IFS48 spectrometer using 
KBr pellets. 'H NMR spectra were taken at 500 MHz with a 
Bruker AMX500 spectrometer using DMSO-d(, or CDCI 3 as 
solvents and TMS as an internal standard. Elemental analyses 
were carried out in the Regional Laboratory of Physicochemical 
Analyses, Krakow. Melting points were determined in an open 
capillary and are uncorrected. 

Langmuir monolayers 

Langmuir films were prepared by spreading 100 /xl of the solution 
(0.5 g/dm^) in freshly distilled chloroform, on the surface of 
pure water, pH = 5.7±0.1, or on 10^^ mol/dm^ HCl aqueous 
solution held in a PTFE sliding barrier trough (NIMA Technology, 



Scheme 2. 



1) (CH3C0)20, CH3C6H4CH2COONa 

2) NaOH, H 2 O 

3) HCl, H 2 O 




COOH 




COOH 




( 5 ) 
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Coventry, UK) located on an antivibrational table. The experi- 
ments were performed at 20 °C. The subphase temperature was 
controlled thermostatically to within ±0.1 °C. Monolayers were 
spread over an initial area of 490 cm^. Film compression was 
started 5 min after spreading, at a rate of 100 cm^/min. Surface 
pressure was measured to within 0.5 mN/m with a Wilhelmy plate 
made from chromatography paper (Whatman Chrl). 

Surface potentials were measured using a Kelvin probe (NIMA 
Technology, UK). The morphology of monolayers at the air/water 
interface was investigated using a Brewster angle microscope 
(Nanofilm Technologie GmbH, Gottingen, Germany). 



Results and discussion 

Surface pressure/area isotherms of carboxylic acids ( 1 - 5 ) 
(Scheme 1) spread on the aqueous subphase of pH = 3 at 
20 °C are shown in Fig. 1. 

As can be seen, the isotherms for compounds 1-4 
have characteristic patterns. The area/molecule values 
decrease within the plateau by a factor of 1.99, 1.83, 1.73 
and 1.79 for compounds 1-4, respectively. In the case of 
the most bulky compound ( 5 ) the isotherm exhibits two 
correspondingly shorter plateau regions. The pressures 
at the transition to a plateau for compounds 1-4 rise 
with the increasing size of the R substituent. The lift-off 
areas for compounds 3-5 are comparable and distinctly 
larger than those for the unsubstituted parent com- 
pound 1 and its methyl derivative ( 2 ). This observation 
is in accordance with the areas of projections for the 




vertically oriented molecular models created by the 
HyperChem computer programme. Such areas are 
practically identical for the acids ( 3 - 5 ) where the bulky 
substituents at carbon atom 4' are screened by the two 
benzene rings at the 3' and 5' positions. The steep slopes 
of the pre-plateau part of the isotherms (Fig. 1) suggest 
the existence of a liquid-type monolayer in this region. 
Indeed, the values of the surface compressional modu- 
lus, Cs“' defined as -A(d7i/dA), calculated for the surface 
pressure of 10 mN/m, fall within the range of 0.1-0. 2 N/m 
which corresponds to the liquid-condensed state of a 
monolayer [6]. 

Results of preliminary surface potential measure- 
ments for Langmuir monolayers of the parent com- 
pound (1), together with the corresponding pressure/ 
area isotherm are shown in Fig. 2. The following 
observations should be pointed out; 

1 . The electrical potential increases linearly on compres- 
sion in the gaseous region of the monolayer (Fig. 2, 
region I). 

2. Deviation from linearity at the surface potential (AV) 
versus area plot coincides with the area at which a 
steep rise in surface pressure is observed. 

K, mN/m 

AV, mV 




Fig. 2 Surface pressure/area (n/A) and surface potential/area (AV/A) 
isotherms of compound 1 spread on 10“^ mol/dm^ aqueous HCl 
solution at 20 °C 
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Fig. 3 Brewster angle microscopy images for compound 4 at different stages of compression 
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3. Both plateau regions are attained at the same surface 
coverage. 

A constant value of surface potential in the plateau 
indicates that the vertical component of the molecular 
dipole moment (effective dipole moment, /r) does not 
change in this region. Formation of a bilayer composed 
of oppositely oriented dipoles with interdigitated arenic 
moieties can thus be excluded. It can be tentatively 
assumed that the plateau region reflects variations in the 
conformation of the polyphenylene ring system under 
pressure. It is known that the equilibrium dihedral angle 
between the planes of the phenyl rings in a biphenyl 
molecule changes from 45° in the gas phase to 22° in the 
melt and to 0° in the crystal at room temperature [7]. 
Adequate conformational changes in the triphenylben- 
zene ring system of the studied compounds may occur 
upon film compression. The energy input upon com- 
pression of the film of compound 1 within the plateau 
region at the equilibrium pressure of 15.9 mN/m 
amounts to about 2.3 kJ/mol. This seems to be sufficient 
energy to force the twisted triphenylbenzene ring system 
to a more planar conformation. In order to probe this 
possibility quantum chemical calculations have been 
performed for compound 1 . Semi-empirical MOPAC [8] 
computations with AMI parametrization [9] gave an 
optimum conformation for this compound, in the gas 
phase, with the dihedral angles between the planes of 
the phenylene rings close to 40°. The calculations also 
showed that an energy input of 2.3 kJ/mol is sufficient to 
decrease the out-of-plane distortion of the polyphenyl 
ring system by about 20°, thus leading to a marked 
reduction in the area of projection of the vertically 
oriented molecule. It is worth noting that the estimated 
area of projection of a vertically oriented molecule ( 1 ) at 



the energetically favoured conformation is about two 
times larger than that occupied by the planar molecule. 
This factor is consistent with the two-fold decrease in 
area/molecule values observed within the plateau region. 
The suggestion that the plateau reflects transformation 
of the triphenylbenzene ring system to a more planar 
conformation thus seems plausible. The energy require- 
ments for such a transformation should increase with the 
bulkiness of the substituent at the 4' position. This can 
indeed be observed in Fig. 1. In view of the above 
discussion, the two plateau regions which appear in the 
surface pressure/area isotherms of the most complex 
compound (5) suggest that its “planarity” is probably 
attained through two intermediate conformational steps 
differing in energy requirements. 

The technique of Brewster angle microscopy (BAM) 
was applied to visualize the monolayer at different states 
of compression. In general all studied compounds 
exhibited comparable behaviour. Figure 3 exemplifies 
BAM images for compound 4. Figure 3a shows the 
gas-liquid coexistence (Fig. 2, region I). In region II 
(not shown here) the black (gas) holes disappear and 
the monolayer becomes homogeneous until the mid 
point of the plateau is reached. Upon further compres- 
sion characteristic stripes appear (Fig. 3b) which grow in 
size (Fig. 3c) and eventually the film collapses (Fig. 3d). 
The plateau thus reflects the coexistence of regions of 
molecules with different conformations. The stripes, 
attributed to molecules with more planar conforma- 
tions, contribute to the plateau region in amounts which 
increase upon compression. 
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Abstract Symmetrical double-chain 
sodium l'-(7)-tridecylbenzenesul- 
phonate (7STBS) was prepared by 
conventional methods from reagent- 
grade starting materials. 

Using surface tension measurements 
two critical micelle concentrations, 
cmcj and cmc 2 , were determined in 
the binary 7STBS H 2 O system at 
different temperatures. In the more 
concentrated system, 5-10% of sur- 
factant, multilamellar vesicles were 
observed. Dynamic light scattering 
of freshly prepared as well as of the 
aged systems showed an increase in 



particle diameter on aging. In addi- 
tion, it was also shown that in aged 
systems the formation of multilam- 
ellar vesicles occurs in the systems 
with lower surfactant content than 
in the freshly prepared ones. 



Key words Critical micelle concen- 
tration - Micelles - Vesicles 



Introduction 

The investigation of self-association of amphiphilic 
molecules into different structures (micelles, vesicles, 
liposomes, bicontinuous phases, liquid crystals) is of 
great interest both for theoretical and practical reasons. 

The effects of vesicle formation in aqueous solution 
seem to be of special interest for the pharmaceutical and 
other chemical industries. 

From theoretical work [1-3] it is known that double- 
tailed surfactants can form vesicles in aqueous solutions. 
In our previous work [4] three double-tailed sodium 
alkylbenzenesulphonates were synthesized and the phase 
diagrams of surfactant/water systems were determined. 
In the phase diagram of the sodium T-(7)-tridecylben- 
zenesulphonate (7STBS)/H20 system an isotropic phase 
of low viscosity at lower surfactant concentration and a 
high-viscosity isotropic phase with increasing surfactant 
concentration can be seen. Within the highly viscous 
isotropic phase at 7% of surfactant cryogenic transmis- 
sion electron microscopy imaging showed the existence 
of multilamellar vesicles. The goal of the present 



investigation was the further characterization of the 
isotropic region. 



Experimental 

Materials 

Symmetrical double-chain 7STBS was prepared by conventional 
methods [5] (Grignard reaction [6] of the appropriate ketone, 
hydrogenation [7], sulphonation and neutralization) from reagent- 
grade starting materials. The resulting pasty pale-brownish solid 
was then twice recrystalised in ether, distilled and dried at 80 °C 
in a drying pistol using a vacuum. The identity of the products 
was confirmed by IR spectroscopy and the purity was checked 
with thin-layer chromatography on silica gel plates using a 2:8 
(by volume) chloroform/methanol mixture as the mobile phase. 
Doubly distilled water was used for all experiments. 

Methods 

A Lauda (ring method) tensiometer (TEIC) and a Methrom 712 
conductometer were used for the determination of the critical 
micelle concentration (cmc). Particle sizes were determined using 
a Brookhaven dynamic light scattering (DLS) photometer with a 
model BI-200SM goniometer, a BI2030AT correlator, and a 
300 mV Ar Lexel laser. 
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Results and discussion 

The determination of cmc/ and one 2 by surface-tension 
measurements is represented in Fig. 1. The values in 
Table 1 show a decrease in cmcj with increasing 
temperature, implying a positive micellization entropy 
change. The standard molar free energy of micellization 
according to the mass action law is given by [8] 

ArG° w 1 . 8 f?r Incwc , ( 1 ) 

which combined with 

^,G° = ArH° - TAX (2) 

makes it possible to calculate the thermodynamic 
parameters of micellization once the one is known as 
a function of temperature. Ar//°and AX were 
determined to be 32.17 and 205.28 J K“’ mol”*, respec- 
tively, indicating that micellization of 7STBS is entropy- 
driven at low temperatures as was previously found for 
similar surfactants [5]. The opposite trend was observed 
for cmc 2 implying that the second transition is an 
enthalpy-driven process which could be explained by 
assuming a sphere-to-rod transition [9]. 

The conductivity measurements of the more concen- 
trated solutions represented in Fig. 2 showed that the 
conductivity remains almost constant in solutions con- 
taining 5-10% of surfactant, implying that the concen- 
tration of Na^ ions, having the major contribution to 
the conductivity of the solution, remains constant. It can 
be supposed that Na^ ions are locked inside the 
surfactant structure, either within vesicles or in the 
lamellar phase. 




Fig. 1 Determination of critical micelle concentrations (one) of the 
sodium l'-(7)-tridecylbenzenesulphonate (7STBS)/il20 system by 
surface-tension measurement at 29 °C. Arrows indicate cmcj and cmc 2 



Table 1 The effect of temperature on the critical micelle con- 
centrations one I and one 2 for the sodium l'-(7)-tridecylbenzene- 
sulphonate (75'T’i?A)/H20 system 



//°C 


cmcilmmol dm ^ 


cmc 2 lvamo\ dm ^ 


25 


1.46 


9.96 


29 


1.41 


11.80 


35 


1.17 


15.06 



6 j 



CO 

E 

'Z 

2 

♦ 

0 1 ^ ^ ^ , 

0 2 4 6 8 10 

100/TJ7stbs/^ water 

Fig. 2 Conductivity remains almost constant within 5-10% 7STBS/ 
H 2 O at 25 °C 

The changes in particle diameters related to the 
surfactant concentration of freshly prepared and 
3-months-aged samples are represented in Fig. 3. It 
can be seen that the increase in surfactant concentration 
of 0.5-5% (freshly prepared system) is followed by an 
increase in the particle diameter. In the 5-10% region a 
sharp decrease in particle diameter was observed. One 
possible reason for such behaviour is that the system 
becomes unsuitable for DLS measurements due to the 
increase in turbidity of the samples causing the multiple 
scattering. According to previous results [4] we can 
conclude that vesicles are formed within the 5-10% 
concentration region of the freshly prepared samples. 
For the aged system this change can be seen at a lower 
surfactant concentration of 1.7%. In addition, the 
growth of micelles can be seen in the dilute system on 
aging. All samples exhibit a bimodal particle-size 
distribution. The particle diameters of freshly prepared 
and aged samples within the micellar region are 
represented in Table 2 only for the dominant peak 
containing at least 93% particle-number fraction. 
Although the spontaneous formation of vesicles in 
binary surfactant/water systems has been observed [10, 
11], there is still lack of agreement on the subject from a 
theoretical point of view (cf. Refs. [1-3] and [12-14]). It 
is believed that “generally, vesicle formation needs the 
input of mechanical energy” [14]. Following such an 
argument the formation of vesicles in a surfactant/water 
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Fig. 3 Mean hydrodynamic diam- 
eter of particles for the freshly 
prepared (♦) and the 3-months- 
aged (□) 7 STBS/H 2 O samples as 
determined from dynamic light 
scattering measurements at 25 °C 
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Table 2 Particle-number fraction, X/%, related to the mean hy- 
drodynamic diameter, rf/nm, a for the freshly prepared samples and 
b for the aged samples. V indicates the polydispersity of the particle 
populations 



'''(7STBS/HiO)/% djnm Xj% Vj% 



(a) 



0.25 


70 


± 


10 


95 ± 


2 


25 


± 


2 


0.50 


110 


± 


10 


93 ± 


2 


29 


± 


2 


1.70 


150 


± 


20 


97 ± 


2 


49 


± 


3 


2.00 


170 


± 


10 


>99 




51 


± 


3 


5.00 


220 


± 


20 


>99 




63 


± 


4 


(b) 


0.25 


150 


± 


20 


95 ± 


2 


32 


± 


2 


0.50 


270 


± 


20 


93 ± 


2 


38 


± 


3 


1.70 


320 


± 


10 


97 ± 


2 


50 


± 


3 



system can occur as a result of work done on the system 
during the preparation (for example, vortexing of the 
solution). If this is the case then one would expect that 



on aging “forced” vesicles will relax and transform back 
to cylindrical micelles. This is in contradiction with our 
observation of vesicle formation in systems exhibiting 
no vesicles 48 h after preparation (e.g. the solution with 
2% of surfactant). 



Conclusion 

The association of surfactant molecules at cmcj can be 
described as entropy-driven, while at cmc 2 it seems to be 
enthalpy-favoured. The micelle-to-vesicle transition was 
observed at 5% surfactant concentration for freshly 
prepared and at 1.7% surfacant concentration for aged 
samples. The increase in particle sizes could indicate the 
transition from spherical to cylindrical micelles. 
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Abstract Amphotericin B (AmB) 
monolayers consist of three distinct 
regions: a liquid expanded phase at 
low surface pressures, a liquid con- 
densed phase at high surface pres- 
sures and a transitional phase that 
gives a plateau at 10 mN/m in the 
n-A curves. The presence of such a 
plateau is ascribed to a change in the 
orientation of AmB molecules from 
a horizontal to a vertical position 
relative to the air/water interface. 
Dipalmitoyl phosphatidic acid 
(DPP A) gives a condensed mono- 
layer, the n-A curves for which 
exhibit a slope change at 25 mN/m 
that has been ascribed to an orien- 
tational change in the nonpolar 
chains from a tilted to a vertical 
position relative to the interface. An 
equimolar mixture of AmB and 
DPPA exhibits a surface behaviour 
in-between those of the pure com- 
ponents, which includes a phase 
transition at 20 mN/m that suggests 



the existence of interactions between 
the components; such interactions 
result in deviations from the ideal 
behaviour reflected in plots of the 
mean molecular area against the 
mole fractions of the components. 
On spreading separately on the in- 
terface, the two components are 
initially immiscible, but become 
miscible gradually with time. Hys- 
teresis experiments reveal that AmB 
is desorbed into the subphase by 
effect of its solubility, being de- 
creased by DPPA; this is attributed 
to interactions between the polar 
heads of the two components caus- 
ing AmB molecules to be retained on 
the surface and giving rise to positive 
deviations from the ideal behaviour 
as a result. 

Key words Amphotericin B - 
Dipalmitoyl phosphatidic acid - 
Mixed monolayers - Hysteresis - 
Interactions in monolayers 



Introduction 

Although amphotericin B (AmB) is the most widely used 
antibiotic for treating specific mycoses such as candid- 
iasis, histoplasmosis and cryptococcosis [1], it has the 
disadvantage that, owing to its water insolubility, it 
must be administered as a dispersion in the detergent 
sodium deoxycholate (commercially available as “fun- 
gizone”), which is highly toxic to humans. This has 
promoted the in vitro and clinical testing of alternative 
formulations for its administration, of which liposomes 
have provided the best results because they decrease the 



toxicity although they preserve the antibiotic efficiency 
[2-A]. The AmB formulation is also much less toxic when 
associated to lipids in the form of phospholipid com- 
plexes or as colloidal dispersions (commercially avail- 
able as ABLC and Amphocil, respectively) [5, 6]. In vitro 
studies have shown that the Intralipid AmB formulation 
(an emulsion of AmB in lipids) [7, 8] is also less toxic to 
mammalian cells, as confirmed by administration to 
AIDS patients [9]. Similar results have been obtained 
by administering the antibiotic in unilamellar vesicles 
(available as AmBisoma) [10], which consist of small 
liposomes (about 80 nm in diameter), the slow digestion 
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of which by the phagocytic system provides the body 
with sustained levels of AmB in the blood. 

Although the use of liposomes, vesicles and emulsions 
as vehicles for AmB decreases its toxicity, the origin of 
the effect remains unknown. There is evidence, however, 
that factors such as the surface charge and the chemical 
composition of these systems, and also the preparation 
procedure, affect the way the drug is transported in the 
organism [11]. In order to elucidate the behaviour of 
AmB, in this work we used the monolayer technique, 
which affords in vitro reproduction of the in vivo 
behaviour of this type of system. The lipid used for this 
purpose was dipalmitoyl phosphatidic acid (DPP A), a 
usual ingredient of low-toxicity AmB formulations. 



Experimental 

AmB (Bristol-Myers, 95.6% purity) and DPPA (Sigma, 99% 
purity) were used without further purification. Spreading solutions 
of mixtures were prepared from two stock solutions containing 
DPPA in chloroform and AmB in 1:3 (v/v) dimethylformamide/ 
1 M hydrochloric acid, respectively. In all experiments the number 
of molecules spread was 4.25 x lO'*’. 

Compression isotherms were recorded on a KSV.5000 surface 
balance equipped with two 71 cm long x 12 cm wide Teflon 
troughs, (each 850 cm^) and an automatic compression system, 
the speed of which was adjustable between 0.01 and 400 mm/min 
(0.012^80 cm^/min). The compression rate used was 30 mm/min 
(36 cm^/min). Preliminary experiments revealed isotherms which 



coincided over the range 10-50 mm/min; outside this range, 
however, the areas occupied by the monolayers varied with the 
compression rate. 

The subphase used was deionized water of 18 MD cm resistivity 
obtained from a Milli-RO, Milli-Q reverse osmosis apparatus from 
Millipore Corp. that provides “reagent-grade” water at pH 6. The 
subphase temperature was kept constant at 20 °C by circulating 
thermostated water. 

The spreading solution was deposited with a Gilson Microman 
micropipette precise to within 0.2 pi. Once spread, the solution was 
left for 10 min in order to ensure complete evaporation of the 
solvent. 



Results and discussion 

The AmB monolayer exhibits three distinct surface 
regions (Fig. 1, curve 1). The first region, at low surface 
pressures, corresponds to a liquid expanded state 
with a relatively low compressional modulus (C^^' = 
40.11 mN/m). At 7t = 10 mN/m, the monolayer under- 
goes a phase transition, as a consequence a plateau in the 
71-^ isotherm is observed. Beyond this transition region, 
the film is highly rigid (C^' = 80.4 mN/m), which 
suggests the presence of a liquid condensed state. Finally, 
the him collapses at a surface pressure of about 65 mN/ 
m, which, however, is difficult to determine precisely. 

Using molecular models. Saint Pierre-Chazalet et al. 
[12] have estimated the value of 180 A^ for the cross- 
sectional area of an AmB molecule spread at the water 



Fig. 1 Influence of the time 
allowed for a monolayer before 
compression. Curve 1 - pure 
amphotericin B (AmB) mono- 
layer, r = 10 min. Curve 2 - 
pure ■ (DPPA) monolayer, 

/ = 10 min. Curve 3 - equi- 
molar AmB/DPPA mixture, 

/ = 10 min. Curves 4,5,6 - 
equimolar AmB/DPPA mix- 
ture, components deposited 
separately: / = 10 min, curve 4; 
/ = 2 h, curve 5, / = 6 h, 
curve 6 
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surface with its polar part anchored in water and its 
hydrophobic chain lying flat on the surface (horizontal 
form), and a value of 55 for the molecule with a 
perpendicular orientation to the interface (vertical 
form). Based on this, the plateau in the n-A curves of 
Fig. 1 could thus be associated with progressive changes 
in the orientation of molecules from a horizontal to a 
vertical position [13], occupying in the latter case an 
area of about 57 A^/molecule (value corresponding to 
the end of the plateau),^ which decreases afterwards 
to the small value of 25 A^/molecule as a consequence 
of the desorption of molecules from the surface. 

DPPA forms a condensed monolayer (Fig. 1 , curve 2). 
Above 65 A^/molecule, the film is gaseous and, 
according to Luckham et al. [14], consists of islands of 
close - packed molecules. Compression forces these 
islands together until a complete monolayer is formed 
when the area reaches a value of 60 A^/molecule. At this 
point a steep rise in surface pressure is recorded. Below 
60 A^/molecule, the monolayer is in a liquid condensed 
state where molecules are packed with their hydrocar- 
bon chains at a certain angle to the interface [15]. The 
slope change in the n-A curves for DPPA at a surface 
pressure of about 25 mN/m is ascribed to an orienta- 
tional change in its nonpolar chains from the previous 
tilted position to a completely vertical one. 

The equimolar mixture of AmB and DPPA gives a 
monolayer, the surface behaviour of which lies roughly 
in-between those of the pure components; in fact, their 
n-A curve (Fig. 1, curve 3) exhibits an inflection point 
similar to the plateau in the curve for pure AmB, 
although at a higher surface pressure (20 mN/m). 
However, if, instead of depositing the AmB-DPPA 
mixture at the air/water interface as in the case 
represented by curve 3, one spreads the two components 
separately (AmB first) and compression is started after 
allowing the solvent to evaporate for the same time as 
in the previous experiment (10 min), then the plateau 
in the n-A curve appears at the same surface pressure 
(10 mN/m) as in that for pure AmB (Fig. 1, curve 4). 
This suggests that the delay in compressing the film after 
spreading was not long enough to ensure complete 
mixing of the film components at the interface. This 
assumption is supported by the fact that increasing the 
delay increased the surface pressure for the phase 
transition (see curves 5 and 6 in Fig. 1, which were 
obtained 120 and 360 min, respectively, after the film 
components were deposited). Consequently, as the time 
between separate deposition of AmB and DPPA and 
compression of the film is lengthened, the two compo- 
nents diffuse to a increasing extent at the interface, 
thereby forming a miscible system that is not observed 
immediately upon deposition. The fact that the surface 
pressure at which the plateau in the n-A cnrves appears 
(the transition surface pressure) increases with increas- 
ing delay (i.e. as the components of the mixed film 



become more readily miscible at the interface) provides 
indirect evidence that the plateau at 20 mN/m in the 
n-A curve for the equimolar mixture (Fig. 1, curve 3) 
corresponds to the transition region for the mixed 
monolayer formed by the miscible components AmB 
and DPPA; the surface behaviour of this monolayer 
differs from those of the pure components, which is an 
indication that the two interact in some way. 

The interaction between the film components can be 
observed by plotting the mean molecular area occupied 
by the mixed monolayer against the mole fraction of its 
component. If both are either immiscible or miscible but 
with a ideal behaviour, then the plot will be a straight 
line as a result of the additivity rule [16] being obeyed: 
= ^AmsAAmB + Adppa^dppa, where Am is the 
mean molecular area, AAms and Aqppa are the mole 
fractions of each component in the solution, and ^AmB 
and Adppa are the areas they occupy at the surface 
pressure where A^ is measured. Figure 2 shows such a 
dependence at three different surface pressures. As can 
be seen, there are positive deviations from the ideal 
behaviour at ti = 5 and 15 mN/m; these could be 
interpreted as the result of ionic repulsions between 
polar groups of the film-forming molecules, but in this 
case the two components would separate from each 
other and form an immiscible system at the interface, 
which was ruled out in view of our results in Fig. 1. One 
plausible explanation for these positive deviations is the 
fact that the pure AmB monolayer is readily desorbed 
from the interface, whereas in the presence of DPPA 
(and through the effect of the postulated interaction), it is 
much less prone to desorption: the stronger the interac- 
tion with DPPA the more markedly hindered the 
desorption. All this results in strong retention of AmB 
molecules on the water surface and hence in an 
expanded mixed film in comparison to films where both 
are ideal in the absence of interactions. Confirmation 
that AmB is strongly desorbed and that the extent of 
desorption decreases in the presence of DPPA is 
provided by the results shown in Fig. 3, which shows 
the n-A isotherms obtained by spreading the film 
components separately (AmB first) and then performing 
successive compression-decompression cycles with no 
intervening delay (except in the first cycle, which was 
carried out 10 min after spreading in order to allow the 
solvent to evaporate) and in such a way that the surface 
pressure reached at the end of each compression cycle 
was increasingly higher until collapse occurred in the 
fourth cycle. As can be seen, only when decompression 
was started at a very low surface pressure, about 
5 mN/m, (cycle 1), was AmB desorption negligible (the 
compression and decompression n-A cnrves coincide). 
This was not the case when decompression was started 
near the middle of the plateau (cycle 2): the compression 
and decompression isotherms do not coincide and as the 
surface pressure at which the compression started was 
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Fig. 2 The dependence of area 
per molecule versus mole frac- 
tion of AmB for mixtures with 
DPPA spread on a water sub- 
phase of pH 6 at 20 °C at 
different surface pressures 




Fig. 3 Compression-decom- 
pression isotherms of an AmB/ 
DPPA equimolar mixture; 
components deposited sepa- 
rately, t = 10 min. Compres- 
sion up to 5 (7), 10 (2), 35 (3) 
and 50 mN/m (4) 




higher, the diflferences between the corresponding cycies 
3 and 4 were bigger, evidencing higher desorption [i3]. 
Independent of the compression, curves 3 and 4 are 
simiiar at high surface pressures (35 mN/m) as a 
consequence of AmB readsorption during the time 
passed between the decompression represented by curve 
3 and the moment when it reached the same vaiue of 
pressure as in curve 4. 



An experiment performed after waiting for 6 h before 
compressing the him provided seemingiy identicai re- 
suits, which, however, were not comparabie since the 
phase transition took piace at a different surface 
pressure, i.e. iO mN/min with a deiay of iO min 
(Fig. 3) and 20 mN/m with a waiting time of 6 h. 
Consequentiy, even though decompression in the second 
cycie (Fig. 3, 4, curve 2) was started in both cases when 
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Fig. 4 Compression-decom- 
pression isotherms of an AmB/ 
DPPA equimolar mixture; 
components deposited sepa- 
rately, ; = 6 h. Compression 
up to 5 (i), 18 (2), 36 (J), 50 (4) 
and 55 mN/m (5) 




the midpoint in the plateau of the n-A curve was 
reached, the relative surface pressures at such a point 
differed between curves; however, as a result, the curves 
in Fig. 4 should exhibit more marked hysteresis than 
those in Fig. 3, since, as noted earlier, the higher the 
surface pressure, the higher the hysteresis. However, the 
opposite was true, which confirms that AmB desorption 
decreases as the interaction between the two him 
components increases (i.e. as the delay between deposi- 
tion and compression is lengthened). 

The interaction between these components can be 
interpreted as follows. Because AmB and DPPA mole- 
cules are horizontally and vertically oriented, respec- 
tively, in relation to the air/water interface at low surface 
pressures, the two can only interact via a twofold 
mechanism involving their polar groups, namely 

1. Through ionic interaction between the ionized 
hydroxyl in the phosphatidic group of DPPA, which is 
negatively charged (pAi = 3.8) [17, 18], and the amino 
group of AmB, which is positively charged under the 
experimental conditions used (pH 6) [19], and 

2. Via hydrogen bonding between the other hydroxyl 
in the phosphatidic group of DPPA and the carboxyl 
group of AmB, both of which are not ionized under 
these conditions. 



At intermediate surface pressures (15-20 mN/m), 
where an orientational change in AmB molecules 
from their initially horizontal to a vertical position 
takes place, interactions between the him components 
are more signihcant; in fact, attractions between 
polar groups are accompanied by hydrophobic inter- 
actions between the nonpolar chains of both compo- 
nents, favoured by their inclination to the substrate 
surface. 

Finally, at high surface pressures (n > 30 mN/m), 
and once AmB molecules have been detached from the 
substrate, interactions between the two components 
occur only through their non-polar groups since the 
cross-sectional area of the two hydrocarbon chains of 
the phospholipid, lying vertically on the interface, is 
almost twice as higher as that of the phosphatidic 
group. Accordingly, the interaction of this group with 
AmB is sterically hindered by the hydrocarbon chains. 
Under these conditions, the interaction is weakened, 
so deviations from the ideal behaviour are less marked 
(see Fig. 3). 
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A study of the stability 
monolayers 



Abstract Amphotericin B (AmB) is 
a polyene antibiotic used as an 
antimycotic agent that forms rela- 
tively stable monolayers at low sur- 
face pressures (n) at the air/water 
interface. At increased n values, 
however, the monolayer structure 
undergoes a rearrangement, which is 
manifest as a constant surface 
pressure plateau in the correspond- 
ing n-A curve. Beyond such a pla- 
teau, when the monolayer is in a 
liquid condensed state, the area 
occupied by the molecules in the film 
is so small that this suggests the 
antibiotic is to some extent dissolved 
in the subphase. In order to confirm 
this hypothesis, the behaviour of 
AmB spread on various subphases 
was examined under variable condi- 
tions regarding the number of AmB 



of amphotericin B 



molecules deposited, the rate at 
which the surface film was com- 
pressed and the temperature and 
ionic strength of the subphase. Re- 
laxation experiments involving mea- 
surements of the rate of molecular 
area decrease at a constant surface 
pressure were also carried out. 

Based on the results, AmB desorp- 
tion is diffusion controlled at low 
surface pressures and arises from 
its dissolution in two consecutive 
steps at surface pressures beyond 
those of plateau in the n-A curves, 
where AmB molecules are assumed 
to lie normal to the subphase 
surface. 

Key words Amphotericin B - 
Monolayers - Stability - Air/water 
interface 



Introduction 

Amphotericin B (AmB) is a polyene antibiotic with 
antifungal action that forms relatively stable monolayers 
on spreading at the air/water (A/W) interface. Based on 
this property, the monolayer technique has been used to 
elucidate its mechanism of action and evidence has been 
found that the antibiotic interacts strongly with various 
sterols [1-3]. These results support the most widely 
accepted mechanism of action of AmB which relies on 
its forming pores or channels inside the membrane cell 
of fungi (with the aid of fungal sterols) through which 
some crucial ions and cell constituents escape, eventually 
causing their death. 



The underlying mechanism for the interaction has 
been hypothesized to involve the formation of a 
hydrogen bond between the hydroxyl group of the 
sterol and the aminodeoxyhexose group of the polyene, 
in addition to one between the carboxyl group of AmB 
and the hydroxyl group of the sterol [4], Based on this 
assumption, the hydrogen bonds are believed to result in 
the formation of a “surface complex” when the two 
compounds are spread at the A/W interface [5]; such a 
complex is considered to be the origin of the experi- 
mentally observed negative deviations from the ideal 
behaviour in the plot of the mean molecular area of 
mixed monolayers as a function of their composition. 
Under these condition (at low surface pressures), AmB is 
believed to adopt a horizontal position and the sterol a 
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vertical one at the interface. On the other hand, the 
positive deviations from the ideal behaviour observed at 
high surface pressures (where the antibiotic is supposed 
to orientate itself normal to the substrate surface) are 
ascribed to less marked desorption of AmB molecules 
from the interface as a result of interactions with the 
sterol taking place not only by the previous hydrogen 
bonds but also in the form of hydrophobic attractions 
between the non-polar chains of the two compounds, 
lying normal to each other. These interactions decrease 
the AmB desorption from the surface and hence increase 
the area occupied by the mixed monolayer relative to the 
pure components, the end result being positive devia- 
tions from the ideal behaviour. 

In order to confirm whether AmB undergoes desorp- 
tion when lying normal to the surface, the behaviour of 
this polyene spread at the A/W interface was examined 
under variable conditions regarding the number of AmB 
molecules deposited, the rate of compression, tempera- 
ture and ionic strength of the subphase. In addition, 
relaxation experiments in different regions of AmB 
isotherms recorded on water or sodium chloride solu- 
tions were performed by measuring the rate of molecular 
area decrease at a constant surface pressure. 



Experimental 

AmB was supplied by Bristol-Myers-Squibb in 95.6% purity and 
used as received. Spreading solutions were prepared in a 3:1 (v/v) 
mixture of dimethylformamide and hydrochloric acid (Merck). 

AmB monolayers were deposited on de-ionized water obtained 
from a Milli-RO, Milli-Q reverse osmosis apparatus (Millipore) 
that provides water of 18 Mt2 cm“' resistivity of pH 6. When 
required, NaCl (Merck) was added to the water subphase to 
increase its ionic strength. 

Surface pressure (tt) versus molecular area (A) isotherms were 
obtained on a KSV.5000 Wilhelmy-type film balance equipped with 
two identical Teflon compartments each of 850 cm^ area that 
enabled simultaneous recording of isotherms. The subphase 
temperature was controlled by circulating water from a thermostat 
and measured by means of a thermocouple located underneath the 
trough. The solution were left for at least 10 min after spreading in 
order to ensure complete evaporation of the solvent. All experi- 
ments were repeated at least twice to ensure consistent results. 

Film instability due to desorption from the interface was 
determined in relaxation experiments carried out on a NIMA 
surface balance (NIMA, UK) by monitoring temporal changes in 
monolayer relative area (A/Aq, where A and Ao are the areas at time 
t and at the start of the experiment, respectively). 



Results and discussion 

Increasing the number of AmB molecules spread on the 
water surface decreased the initial molecular area 
occupied by its monolayer; in fact, the liquid expanded 
region disappeared when 1 x lO’^ molecules are depos- 
ited (see Fig. lA). In any case, the shape of the 
isotherms obtained over the range 4.25 x lO'^-l x lO'^ 



molecules was in general independent on the surface 
density of AmB. The isotherms included three distinct 
regions, namely: one below 10 mN/m where the mono- 
layer was in an liquid expanded state with a compres- 
sional modulus of 37.5-56.2 mN/m depending on the 
number of deposited molecules; a second region which 
corresponds to a plateau of constant surface pressure 
(10 mN/m); and a third region where the surface 
pressure increased rapidly with decreasing area, which 
suggests the existence of a liquid condensed state. The 
limiting area, obtained by extrapolation at zero pressure 
of the n-A curve in the liquid expanded region, was 
found to be 212.5 A^/molecule, which is very close to the 
area estimated by molecular models for AmB assumed 
to lie horizontal on the surface [2]. On the other hand, 
the area obtained by extrapolating the isotherm in the 
liquid condensed region was only 33-40 A^/molecule, 
which is lower than the theoretical 55 Aumolecule 
estimated from molecular models for the cross-section 
of the AmB lying normal to the interface. If the 
antibiotic is assumed to adopt this vertical orientation, 
then the difference between the molecular areas obtained 
in our experiments and the theoretical value can be 
ascribed to a dissolution of AmB from the interface. 
This assumption is supported by the fact that, under 
these conditions, the AmB molecule is anchored to the 
water surface by a few hydrophilic groups only, which 




Fig. 1 7z/A isotherms of AmB spread on water at 20 °C. Number of 
deposited molecules: • 4.25 x 10“’, ▲ 5.0 x lO'^ ■ 6.0 x lO'^ 
x 1 x lO'^. Inset, influence of the speed of compression: O 10 mm/ 
min, • 20 mm/min, ^ 30 mm/min, A 40 mm/min, ■ 50 mm/min 
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results in its high instability that leads to desorption of 
the antibiotic. 

One potential confirmation for this assumption is 
provided by the results of Fig. 1 B, which were obtained 
at variable monolayer compression rates. As can be 
seen, at a very low rate (v = 10 mm/min), the mono- 
layer area was lower than it was at higher rates. 
Moreover, at a low speed of compression it is not 
possible to obtain the collapse since when the surface 
pressure of 55 mN/m was reached, the barriers were at 
their final position. It was possible to estimate the 
collapse pressure of the film (65 mN/m) at higher 
compression rates. 

The results of Fig. 2 also confirm the desorption of 
the monolayer from the subphase; the fact that raising 
the temperature decreases the him area (Fig. 2A) is 
opposite to the behaviour observed for most monolayers 
(temperature rise increases thermal agitation of non- 
polar chains and hence decreases their cohesion forces 
by causing the expansion of the monolayers); this 
anomalous behaviour is probably due to the increased 
AmB solubility with increasing temperature. Also, an 
increased temperature disorientates water dipoles in the 
subphase and weakens the initially strong hydrogen 
bonding interactions between hydroxyl groups in AmB, 
horizontally oriented at the interface, and water dipoles 
in the subphase, thereby facilitating a switch to a vertical 
position of the AmB molecules; this is consistent with 
the decrease in transition pressure observed as the 
temperature is raised (Fig. 2A). 




Area (A^/Molec.) 



Fig. 2 Influence of temperature on AmB monolayers: • 10 °C, O 
20 °C, ♦ 25 °C, A 30 °C. Inset, influence of the ionic strength: • 
water ■ 0.5 M NaCl, □ 1 M NaCl 



- 0.1 




t (m in) 




t(min) 

Fig. 3 A Relaxation of AmB monolayers on water at 20 °C, at 
constant surface pressure. Inset fits of relaxation data according to a 
desorption mechanism by B dissolution (Eq. 1) and C diffusion 
(Eq. 2) 

Increasing the ionic strength of the subphase by 
addition of NaCl increases the area occupied by the 
AmB monolayer (Fig. 2B), particularly in the liquid 
condensed state, where the antibiotic lies normal to the 
interface. This can be due to the strong desorption of 
AmB molecules being weakened by the “salting out” 
effect of NaCl [6]; its addition causes the formation of 
hydration layers surrounding the salt ions and decreases 
in this way the amount of “free” water molecules in the 
subphase available for dissolving AmB molecules in the 
monolayer. 

The results of constant-pressure relaxation experi- 
ments confirm that AmB is desorbed to some extent 
from the subphase; in fact, the rate at which molecule 
loss from the monolayer occurs depends on the surface 
pressure (Fig. 3A) and ionic strength (Fig. 4A). As 
expected [7, 10, 11], the relative decrease in molecular 
area {AjA^) required to maintain the surface pressure 
constant increases with increasing surface pressure. Two 
differents trends are observed; one at surface pressures 
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Fig. 4 A Relaxation of AmB monolayers on aqueous subphase 
containing 1, 2 and 3 M NaCl, respectively, at constant surface 
pressure of 5 and 20 mN/m. Inset, fits of relaxation data according to 
a desorption mechanism by B dissolution (Eq. 1) and C diffusion 
(Eq. 2) 

<10 mN/m and the other at the liquid condensed region 
(above 10 mN/m). AmB molecules are lost more slowly 
in the former case, which again confirms that when AmB 
arranges itself horizontally at the interface it is more 
stable than when oriented normal to the subphase. 

Because the previous results were obtained at a 
surface pressure below the equilibrium spreading pres- 
sure, which was calculated to be 32 mN/m (this is only 
an estimate, however, owing to the high solubility of 
AmB used in the experiments), the desorption process 
can be assumed to follow the mechanism of Ter 



Minassian Saraga [7] according to which the loss of 
AmB molecules takes place in two steps. In the first, 
AmB molecules are dissolved in the aqueous phase to 
form a saturated layer; as a result, the rate of monolayer 
molecular loss can be expressed as: 

-log(T/To) (1) 

In the second stage, a constant concentration gradient is 
reached within the diffusion layer and the desorption 
process reaches a steady state. Under these conditions, 
the rate of monolayer molecular loss is given by 
equation; 

-log(T/To) = K 2 t (2) 

Figure 3B shows that Eq. (1) is obeyed. This confirms 
that the monolayer is extensively dissolved in the 
subphase, especially at surface pressures above that for 
the phase transition. 

Table 1 includes the kinetic coefficient (Ki), linear 
regression coefficient (LR), and relative number of 
molecules at 60 min. Their values are consistent with 
increasing dissolution of the monolayer as its molecules 
adopt a vertical orientation with respect to the interface. 

Only when the surface pressure is below or equal to 
that of the plateau is the plot of log(T/To) versus t the 
straight line predicted by Eq. (2) (Fig. 3C). Under these 
conditions the desorption process is diffusion controlled. 
However, at ti = 20 mN/m the plot is a non-linear; 
consequently, when vertically oriented, AmB is mark- 
edly desorbed and its dissolution never reaches a steady 
state. The linear relationship between log(T/To) and 
under these conditions, with a slope differing from that 
observed at the onset, suggests the occurrence of a 
second dissolution step taking place at a different rate, as 
reflected in the values of the kinetic diffusion coefficients 
(see value with a superscript in Table 1). 

As can be seen from Fig. 4 and the data of Table 1, 
raising the ionic strength of the subphase by addition of 
NaCl decreases the solubility of AmB. On this type of 
substrate, the behaviour of the antibiotic conforms to 
Eqs. (1) and (2), which suggests the occurrence of a 
dissolution step at the beginning of the process, followed 
by another, diffusion-controlled step at the end (Fig. 4B 
and C). In any case, the kinetic dissolution and diffusion 



Table 1 Characteristic para- 
meter of AmB monolayers at 
constant surface pressure 



Subphase 


P (mN/m) 


Kl, (LR) 


K2, (LR) 


N/NO (60 min) 


Water 


5 


0.023 (0.992) 


0.01 (0.997) 


0,667 




10 


0.036 (0.998) 


0.01 (0.982) 


0,548 




20 


0.047 (0.997) 


0.029*(0.998) 


0,45 


NaCl IM 


5 


0.025 (0.991) 


0.02 (1.0) 


0,686 




20 


0.049 (0.988) 


0.02 (0.966) 


0,437 


NaCl 2M 


5 


0.013 (0.99) 


0.01 (1.0) 


0,781 




20 


0.04 (1.0) 


0.02 (0.999) 


0,442 


NaCl 3M 


5 


0.015 (0.992) 


0.01 (1.0) 


0,811 




20 


0.05 (1.0) 


0.002 (0.995) 


0,506 
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constants decrease with increase in the ionic strength of 
the subphase. This solubility decrease can be ascribed to 
the “salting out” effect of the NaCl added. 
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Abstract Systems consisting of cy- 
closporin A (CsA), a cyclic peptide 
which is an effective immunosup- 
pressive agent for transplanted 
organs, and dipalmitoyl- 
phosphatidylcholine (DPPC), a 
liposomal phospholipid, obey the 
molecular area additivity rule when 
spread as mixed monolayers at the 
air/water interface. This behaviour is 
ascribed to the immiscibility of the 
system components, which orientate 
themselves differently on the surface. 
The insertion of a pyrene residue in 
the DPPC molecule, whether in the 



non-polar chain to obtain 1-hexa- 
decanoyl-2-( 1 -pyrenedecanoyl)- 
OT-glycero-3-phosphocholine 
(H-361) or in the polar group to form 
N-( 1 -pyrenesulfonyl)- 1 ,2-phospho- 
ethanolamine triethylammonium 
(P-58), has no effect on the surface 
behaviour of the cyclosporin-phos- 
pholipid system, which remains 
additive in its molecular areas and 
hence immiscible at the interface. 

Key words Cyclosporine - 
Phospholipids - Monolayers - 
Air-water interface 



Introduction 

Cyclosporin A (CsA) (Scheme 1) is a cyclic peptide 
consisting of 11 (mostly methylated) amino acids that 
are linked by several hydrogen bonds. Its high efficiency 
as an immunosuppressor for transplanted organs has 
raised the interest of the pharmaceutical industry in 
finding new formulations and administration vehicles [1] 
to circumvent the shortcomings of its commercially 
available formulation (Sandimmun), which contains 
Cremofor EL, a solubilizing agent with harmful side 
effects including nephrotoxicity [2]. The administration 
of CsA in liposomal form substantially decreases such 
side effects without altering its pharmacological activity. 
Liposomal CsA is believed to directly tackle its target 
cells and ignore all others [3, 4]. The underlying 
mechanism by which the cyclosporin preserves its 
activity is still poorly known, however [5]. On the basis 
of its hydrophobic character, CsA is believed to 
accommodate itself in the lipid portion of liposomes; 
in fact, the partition coefficient for this drug between 
liposomal membranes and various systems such as 
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Scheme 1 Cyclosporin A 

octanol/0.9% NaCl or octanol/buffer of pH 7.4 is of 
the order of 10^ [6, 7]. By occupying the lipid portion of 
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liposomes, the drug may be more readily transported 
to cell membranes, which also consist of a lipid bilayer. 

For the above reasons, elucidating the potential 
interactions between CsA and liposomal phospholipids 
may be of assistance in establishing the exact site and 
mechanism by which the drug exerts its pharmacological 
action. The purpose of this work was to identify such 
interactions by using the monolayer technique, which 
reproduces at the air/water (A/W) interface the arrange- 
ment of the lipid molecules that form the liposomal 
coating. In addition, this technique allows one to study 
the effects of any other component (CsA in our case) 
on the surface behaviour of the lipid with a view to 
conhrming or discarding the presence of interactions 
between components. For this technique to be viable in 
the mode used here, involving the formation of mixed 
monolayers, both system components should be able 
to form stable monolayers on spreading at the A/W 
interface. This is certainly the case with phospholipids, 
as shown in several monographs [8-10]. By contrast, 
there are few references to the surface behaviour of 
cyclosporin A [11, 12]. In any case, the components of 
the system studied have been shown to form stable 
monolayers, so they are amenable to the monolayer 
technique with a view to identifying potential interac- 
tions between the two. 

Because this research was to be expanded in the 
future by using a fluorescence technique and because 
phospholipids as such are non-fluorescent, in this work 
we also went deeper into the characteristics of the 
interactions by examining the behaviour of cyclosporin 
A in the presence of two phospholipids containing 
pyrene (a classical fluorescence probe): H-361 

(Scheme 2) and P-58 (Scheme 3). 




Scheme 2 1 -Hexadecanoyl-2-( 1 -pyrenedecanoyl)-.s«-glycero-3-phospho- 
choline (H-361) 




Schemes Af-(l-Pyrenesulfonyl)-l,2-phosphoethanolamine triethyl- 
ammonium (P-58) 



Experimental 

CsA was supplied by Sandoz-Pharma. Dipalmitoylphospha- 
tidylcholine (DPPC) was purchased from Sigma in 99% purity; 
H-361 and P-58 were both purchased from Molecular Probes. 

Spreading solutions were prepared from two stock solutions 
containing 0.2 mg/mL CsA and 0.2 mg/mL DPPC (or H-361 or P- 
58), respectively, both in 1:5 chloroform/ethanol. The chloroform 
was purchased from Merck and the ethanol from Sigma. These 
solutions were used to make CsA/DPPC, CsA/H-361 and CsA/P- 
58 mixtures in different mole ratios, identical amounts of which 
(1.7 X lO'^ molecules) were spread at the subphase surface. 

CsA/DPPC mixtures were spread on Theorell-Stenhagen buffer, 
whose pH was adjusted with 2 N HCl. For the other mixtures, de- 
ionized water was used of 18 MD cm“' resistivity obtained from 
a reverse-osmosis Milli-RO, Milli-Q apparatus (Millipore) that 
provides “reagent-grade” water at pH 6. 

n-A isotherms were recorded by using a Lauda TGW surface 
balance equipped with a hydrophobic (Teflon) trough resistant to 
most organic acids. The instrument includes a thermal circulator 
that delivers water at a preset temperature through a coil located in 
the bottom of the Teflon trough. The substrate temperature was 
automatically controlled with the aid of a thermistor immersed in 
it. The subphase temperature was kept constant at 20 °C through- 
out. The moving barrier used to compress the monolayer was 
driven by a motor that afforded speeds from 0.015 to 0.11 cm s“'; 
the latter was employed in all experiments. 

The spreading solution was deposited by means of a Gilson- 
Microman micropipette precise to within 0.2 mL. Once spread, the 
solution was left for at least 10 min in order to ensure complete 
evaporation of the solvent. 



Results 

On a subphase of pH 7 at 20 °C, DPPC forms a stable 
monolayer that exhibits an isotherm with three distinct 
regions (curve 1 in Fig. 1). The first region, at surface 
pressures below 3 mN/m, corresponds to a liquid, 
expanded state. In the second, transition region, which 
spans the range from 97 to 70 A^/molecule, the mono- 
layer compressibility increases throughout. Finally, in 
the third region, the film has a low compressibility 
(5 X 10~^ m/mN) typical of a solid state. Extrapolating 
this final part of the isotherm to zero pressure gives 
a limiting area of 63 A^/molecule. The monolayer 
collapses at a surface pressure of about 70 mN/m; this 
value, however, is scarcely reproducible since, at high 
pressures close to the collapse value, the monolayer 
overflows the trough edges and gives rise to an inflection 
in the isotherm resulting from the loss of molecules from 
the interface. 

CsA forms a stable monolayer when spread at the A/ 
W interface. Figure 1 (curve 6) shows the compression 
isotherm; its shape is consistent with the presence of a 
condensed monolayer at surface pressures between 8.5 
and 22.5 mN/m, the compressibility of which is 9 x 10”^ 
m/mN. The limiting area of the film (extrapolated to 
zero pressure) is 282.2 A^/molecule; on the other hand, 
the area observed when the film compressibility starts to 
rise (at 20 mN/m) is 226.0 A^/molecule, which is close to 
the 230 A^/molecule for the prolate ellipsoid of revolu- 
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Fig. 1 Left panel: n-A iso- 
therms of CsA-DPPC mixed 
monolayers on substrate of 
pH = 7 at 20 °C. Mole frac- 
tions of CsA: (7) 0; (2) 0.2; (J) 
0.4; (4) 0.6; (5) 0.8; (6) 1. Right 
upper panel: collapse pressures 
of the films, plotted against 
XcsA- Temperature 20 °C; 
pH = 7. Right lower panel: 
mean molecular area plotted 
against mole fraction of CsA at 
various surface pressures 




tion used by Dellwo and Wand [13] as a model for the 
dynamic behaviour of CsA; such an ellipsoid has major 
and minor axes of 23 and 10 A, respectively. The film 
collapses gradually at a surface pressure above 26 mN/ 
m, which corresponds to an area of 17.5 A per amino 
acid residue, a typical value for amino acids in tightly 
packed films of polyamino acids or proteins, [14, 15]. 

As the phospholipid is mixed with increasing 
amounts of CsA, the isotherms for the mixtures 
increasingly depart from the x-axis (Fig. 1, curves 
2-5); also observed is a decrease in the intermediate, 
transition region, which eventually disappears when the 
mole fraction of CsA in the mixture reaches 0.6. On the 
other hand, all the mixed monolayers studied exhibited 
an initial collapse between 28 and 30 mN/m, which 
virtually coincides with the collapse pressure for CsA. 
The width of the collapse range decreases as the DPPC 
content in the mixture is raised. Following the initial 
collapse, the mixtures present a solid state of low 
compressibility (5.9 x 10~^ m/mN) and eventually ex- 
hibit a second collapse near 70 mN/m. Under these 
conditions, the mixed films behave similarly to those of 
DPPC alone. 

The interactions between the components of a mixed 
monolayer can be better observed by plotting the mean 
molecular area (An,) occupied by the film (the total area 
divided by the number of deposited molecules of both 
components) against the mole fraction of either compo- 
nent. If the two components are immiscible or miscible 
but behave as an ideal two-dimension solution, then 
such a plot is a straight line as a result of the additivity 
rule being obeyed [16]: 

Am = AcsaAcsA + AdppcAdppc ( 1 ) 

The inset of Fig. 1 (lower panel) shows the curves 
obtained at different surface pressures corresponding 
to different surface states of the films. All satisfy the 
additivity rule. 



In order to determine the influence of the non-polar 
group and the polar residue of DPPC on the potential 
interaction between both film components, we examined 
the behaviour of two mixed monolayers consisting of 
CsA and H-361 or P-58. 

The transition region for the DPPC film previously 
observed at low surface pressures disappears in the ti-A 
isotherms of H-361 (Fig. 2 curve 1) and the collapse 
pressure drops to 42.5 mN/m, which is much lower than 
the 70 A^/molecule for DPPC. In addition, the limiting 
area obtained by extrapolating the curve in its low- 
compressibility region (which spans from 15 mN/m to 
the collapse pressure) is 94.8 A^/molecule, which clearly 
surpasses the value for DPPC (63 A^/molecule). The 
addition of increasing amounts of CsA to this phospho- 
lipid to form the mixed monolayers, that give the 
compression isotherms shown as curves 2-5 in Fig. 2, 
results in a gradual increase in the mean molecular area 
occupied by the mixed film, similar to DPPC. In fact, 
these mixed films also exhibit two collapse pressures, one 
similar to that for CsA collapse and the other coinciding 
with the H-361 collapse pressure. Also, plotting the 
mean molecular area against the composition of the 
mixed monolayer yields straight lines of positive slope 
below the collapse pressure for CsA and of negative 
slope above it (see inset of Fig. 2). 

If the pyrene molecule is anchored to the polar group of 
DPPC, as is the case of P-58, then the monolayer formed 
of P-58 (Fig. 3 curve 1) is similar to that of H-361 except 
that it is less markedly expanded (its compressibility, 
4.7 X 10“^ m/mN, is slightly lower than that of DPPC) 
and that it collapses at a higher surface pressure than does 
H-361 (its collapse pressure, 55 mN/m, is higher than that 
of H-361 but lower than that of DPPC). The extrapolated 
area is 118 A^/molecule. Similar to the other phospho- 
lipids studied, mixing with CsA produces monolayers, the 
behaviour of which evolves from that typical of P-58 when 
it predominates in the mixture to that of CsA when the 







37 



Fig. 2 Left panel'. n-A iso- 
therms of CsA-H361 mixed 
monolayers on substrate of 
pH = 7 at 20 °C. Mole frac- 
tions of CsA: (7) 0; (2) 0.2; (i) 
0.4; (4) 0.6; (5) 0.8; (6) 1. Right 
upper panel', collapse pressures 
of the films, plotted against 
XcsA- Temperature 20 °C; 
pH = 7. Right lower panel. 
mean molecular area plotted 
against mole fraction of CsA at 
various surface pressures 
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Fig. 3 Left panel n-A 
isotherms of CsA-P58 mixed 
monolayers on substrate of 
pH = 7 at 20 °C. Mole 
fractions of CsA: (7) 0; (2) 0.2; 
(3) 0.4; (4) 0.6; (5) 0.8; {6) 1. 
Right upper panel collapse 
pressures of the films, plotted 
against Xcsa- Temperature 
20 °C; pH = 7. Right lower 
panel mean molecular area 
plotted against mole fraction of 
CsA at various surface pressures 




drug is the major component (see curves 2-5 in Fig. 3). In 
addition, both the collapse pressures and the ^m-dfcsA 
plots are similar to those for the other systems studied 
(inset of Fig. 3). 



Discussion 

The additivity of molecular areas observed in the three 
systems studied can be ascribed either to the monolayer 
components being immiscible at the A/W interface or 
to their being miscible but behaving as an ideal two- 
dimensional solution. One way of resolving the dilemma 
is by applying the Defay-Crisp phase rule [17, 18] to 
these systems. If, according to Gaines [16], the system 
possesses three independent variables (surface pressure, 
temperature and external pressure), then one may write: 

F = (Cb + Cs)-(Fb+Fs)-f 3 (2) 



where F is the number of degrees of freedom of the 
system; Cb and Cj are the number of components in the 
bulk and surface phase, respectively; and P\, and are 
the number of phases of each type. Application of this 
rule to our mixed monolayers at collapse gives; 

F^4-Ps (3) 

since Cb = 2 (air and water), Cs = 2 (cyclosporin and 
phospholipid) and P^, = 3 (aqueous, vapour and col- 
lapsed phase). If the two components are miscible at 
the interface, then Pg = 1 and F = 3; consequently, if 
the temperature and external pressure remain constant 
(which is the case in many experiments), the sole variable 
F, determining the state of system, will be the surface 
collapse pressure which must change with the composi- 
tion of the mixed monolayer (mono variant system). On 
the other hand, if the film components are immiscible, 
then Ps = 2 and F = 2; however, provided the temper- 
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ature and external pressure remain constant, the system 
will be invariant and the surface collapse pressure 
independent of its composition. This behaviour was in 
fact observed in the three systems studied, as reflected in 
the plots of collapse pressure (tIc) against cyclosporin 
mole fraction (Xcsa) (see insets at the top of Figs. 1-3). 
Consequently, the cyclosporin and phospholipids stud- 
ied are immiscible when spread at the A/W interface; as 
the mixed film is compressed, the component with the 
lower collapse pressure (the cyclosporin) is gradually 
removed, the remaining component in the monolayer 
collapsing at the same surface pressure as in its pure 
form but at a surface area that decreases with decreasing 
phospholipid content in the initial mixture. This is a 
result of the computation of the mean molecular area 
relying on the assumption that both components are 
present in the interface, which is not true since CsA 
molecules are removed from it when their collapse 
pressure is reached, so the actual number of molecules 
remaining at the interface coincides with that of 
phospholipid molecules, which decreases with decreas- 
ing content in the mixed film, thereby accounting for the 
decreased molecular area observed above the collapse 
pressure for CsA. 

The immiscibility of the film components at the A/W 
interface may be a result of a different orientation of the 
two; in fact, CsA arranges itself horizontally on the 
surface, with its hydrophilic amino acid residues point- 
ing at the water and its hydrophobic ones (of small 
dimensions) at the air. On the other hand, the phospho- 
lipids studied arrange themselves vertically at the 
interface as only their phosphatidylcholine group is 
anchored in the water; its hydrocarbon (dipalmitoyl) 
residues, of considerable length, point at the air at angles 
that vary with the particular state of the monolayer [19, 
20]. Previous work in this direction [21, 22] revealed that 
the film components are only compatible if they can 
adopt the same orientation (and hence interact strongly 
with each other) at the interface. [21, 23] 

Altering the phospholipid composition by inserting a 
pyrene molecule causes no change in the miscibility of 
the systems studied, probably because pyrene-contain- 
ing compounds exhibit a vertical orientation relative to 
the subphase surface that precludes interacting with 



CsA. Such modified compounds may even adopt a more 
vertical orientation than DPPC since the films formed 
by H-361 and P-58 are more rigid (i.e. less compressible) 
than those of the phospholipid; however they occupy 
larger areas by effect of the presence of the bulky pyrene 
group, which contributes significantly to the overall area 
occupied by the film. These results suggest that, by 
virtue of its hydrophobic character, pyrene bonded to 
the phosphatidylcholine residue in P-58 lies on the 
subphase surface, thereby contributing to the overall 
monolayer area to a slightly greater extent than when 
bonded to the non-polar residue of the phospholipid as 
in H-361. 

The marked difference between the collapse pressure 
for DPPC (ca. 70 mN/m) and H-361 (42.5 mN/m), both 
of them possessing the same polar (phosphatidylcholine) 
group, supports the assumption that the film collapse is 
dictated not only by hydrophilic attractions between the 
polar group and the aqueous subphase but also by the 
van der Waals attractions between the hydrocarbon 
chains, which are highly sensitive to the distance [24]. 
Thus, the presence of pyrene in the hydrocarbon chain 
of H-361 sterically hinders approach of the chains; this 
reduces hydrophobic attractions between the chains and, 
ultimately, decreases the collapse pressure. On the other 
hand, the presence of a hydrophobic compound such as 
pyrene in the phosphatidylcholine polar group of P-58 
decreases its hydrophilicity and hence its attraction by 
the water, thereby lowering the collapse pressure relative 
to DPPC. However, because hydrophobic attractions 
between non-polar chains are virtually the same as in 
DPPC, such a decrease in the collapse pressure is not so 
marked as in H-361. 

Although extrapolating these results to in vivo sys- 
tems requires utmost caution, our data appear to rule 
out any interactions between the cyclosporin and the 
lipid constituents of liposomes. Consequently, the 
potential advantages of administering the drug via 
liposomes, emulsions or lipid vesicles have no physico- 
chemical basis for the moment. 
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Abstract A novel ethylene glycol 
ester of orthosilicic acid opens up 
new possibilities in the synthesis of 
mesoporous materials. As a conse- 
quence of its water solubility it can 
be dissolved in the aqueous phase of 
a pre-existing surfactant (meso-) 
phase without phase separation. 
After hydrolysis the ethylene glycol 
formed affects the hydrophobic in- 
teraction of the surfactant only a 
little. Therefore our novel inorganic 
precursor in surfactant templated 
synthesis has the advantage to com- 
mon precursors that it polymerises 
in the water phase of a surfactant 
solution without precipitation and 
hence large monoliths of desired 
shape and size can be formed. By 
means of small angle neutron scat- 



tering experiments we investigated 
the sol to gel transition of this novel 
precursor. The formation of a fractal 
structure in our systems with and 
without added cationic surfactant is 
shown from the scattering profile. 
The influence of the precursor on the 
surfactant aggregates is also discus- 
sed. Measurements after gelation 
demonstrate the unchanged presence 
of surfactant aggregates. Further- 
more, we were able to maintain a 
liquid crystalline surfactant phase 
after gelation without precipitation 
or phase separation. 

Key words Surfactant - 
Mesoporous silicate - Small angle 
neutron scattering - Gelation - 
Template 



Introduction 

Since scientists at Mobil Oil discovered in 1992 the 
surfactant-induced assembly of inorganic structures, this 
technique was recognised as way to produce nanoporous 
materials with a variety of mesomorphic structure [1, 2]. 
This new class of materials is a desirable supplement to 
the classical zeolites whose applications are limited 
owing to their maximal pore size of about 13 A. The 
selective processing of mesoporous materials into a 
macroscale form is one of the goals of current research. 
Large monoliths of materials would advance commer- 
cial use in future microelectronics, catalysis applications 
and filtration. 

Most procedures for forming mesoporous silicate 
use surfactant concentrations which are far below the 



concentration at which a binary surfactant-water system 
would form a lyotropic liquid crystalline phase. The 
addition of an inorganic precursor, typically alkoxysi- 
lanes such as tetraethoxy- or tetramethoxy silane, leads 
to the formation of silicates that condense and coas- 
semble into a surfactant-rich gel [3]. The structure of 
this mesophase precipitate is thereby controlled by the 
surfactant. After filtration and removal of the surfact- 
ant by high-temperature calcination, the final product 
is a powder of micrometer particles. Polymerisation or 
gelation of the inorganic precursor and the appearance 
of the liquid crystalline phase happen at the same time. 
Owing to this simultaneous process it is difficult to 
control the structure of the final material. A step-by- 
step route could facilitate the synthesis of advanced 
materials in the two-step process. As opposed to the 
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previously described technique, first the surfactant 
forms a liquid crystalline phase and then the inorganic 
precursor, which is dissolved in the water phase, is 
hydrolysed and polymerises around the organic surfact- 
ant micelles. In this procedure the reaction mixture 
remains homogenous and one is able to obtain macro- 
scopic nanostructured monoliths. It is important that 
the inorganic precursor does not perturb the pre- 
existing surfactant-water liquid crystalline phase, so 
the liquid crystalline nature of the system may be 
recovered under appropriate experimental conditions. 
The most common precursors used in surfactant 
template synthesis are tetraethoxysilane [Si(OC 2 H 5 ) 4 ] 
and tetramethoxysilane [Si(OCH 3 ) 4 ], in the literature 
also known as TEOS and TMOS, respectively. For the 
described process they are not suitable as inorganic 
precursors for two main reasons. First, both cannot be 
dissolved in the water phase without added solvent, 
such as alcohol. Another problem is the alcohol that is 
produced during hydrolysis of the alkoxide. Since the 
hydrophobic interactions of the surfactant are sup- 
pressed in the presence of ethanol (or methanol), liquid 
crystalline phases are transformed into isotropic solu- 
tions during hydrolysis [4]. These difficulties can be 
avoided by the use of a novel precursor which is an 
ethylene glycol ester of orthosilicic acid, schematically 
described as Si(0CH2CH20H)4. This alkoxysilane can 
be dissolved in water without adding other additives 
(alcohol, acid or base). By reaction with water this 
precursor produces ethylene glycol which does not 
affect the liquid crystalline surfactant phase in the same 
way as ethanol does. 

The object of our investigations was the influence of 
surfactant on the sol-gel process using this ethylene 
glycol precursor. With regard to its potential application 
as the inorganic component in template synthesis, it was 
also important to observe the surfactant aggregates and 
their structural changes which may happen during 
hydrolysis and polymerisation. 



Experimental 

Tetradecyltrimethylammonium bromide (TTAB), TEOS and eth- 
ylene glycol were purchased from Fluka. The surfactant was 
recrystallized from an ether/methanol mixture. The glycol ether 
was prepared following Mehrotra and Narain [5] with a silane/ 
glycol molar ratio of 1 :4. 

The neutron scattering experiments were carried out at the Riso 
National Laboratory at the Cold Neutron Facility at DR3 and at 
D22 of ILL in Grenoble, France. 

Surfactant, precursor and solvent were mixed, contained in 1 or 
2 mm pathlength quartz cells and thermostated at 25 °C. The time- 
dependent scattering was measured with a neutron wavelength 
of 6 A and a sample-detector distance of 4 m, which covered a q 
range from -0.007 A“' to 0.075 A“'. The scattering intensity data 
was collected to a two-dimensional detector and averaged radially. 
Correction for sample attenuation and scattering from the quartz 
cell were made following Chen and Lin [6]. 



Results and discussion 

First we look at the gelation of our ethylene glycol 
precursor without added surfactant. The liquid precur- 
sor was observed to mix readily with water to form a 
clear solution. The help of a catalyst was not required. 
The sol to gel transition varied from 4 to 8 h, with the 
longer times for solutions containing more solvent. 
Gelation can be followed by small angle neutron 
scattering (SANS). Figure 1 shows an example of a 
time-dependent measurement of the log-log plot of 
scattered intensity, /, versus scattering vector, q, of a 
sample containing 10 wt% of our precursor. 

The increase of the intensity at low q with time 
indicates the formation of a fractal structure, as 
observed by gelation processes [7]. It has been shown 
that I{q) is of a power-law form; I{q) oc q^^, where the 
exponent D is related to the fractal dimension of the 
scattering structures. Several kinetic models distinguish 
between diffusion limited aggregation (DFA) and reac- 
tion limited aggregation (RFA), depending on the value 
of the exponent T)(wl.8 for DFA, w2.1 for RFA [8]). 
After correction for the solvent the slope of the double- 
log plot I{q) versus q yields a measured fractal 
dimension which is, within error, comparable with 
D Kil.l calculated for the RFA model. This is almost 
independent of the precursor concentration. 

After gelation the samples were transparent, optically 
isotropic and colourless. They conformed to the shape of 
the container in which they were made. The resulting 
materials can be cut up with a knife. It is observed that 
the resistance of the gel and the strength of material 
increases with precursor concentration. This can be due 
to a lower cross-linking with lower silica content. In this 
connection it should be mentioned that a minimal 
precursor concentration of about 7 wt% is necessary for 
gelation to occur. 

In the next step we mixed our precursor system with a 
cationic surfactant. The resulting clear solutions showed 




Fig. 1 Gelation and time-dependent small angle neutron data of a 
sample containing 10 wt% ethylene glycol ester of silicic acid in D 2 O 
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no phase separation. Gelation time varied again in the 
range of 4 to 8 hours, depending on precursor concen- 
tration and surfactant content. Again we observe the 
gelation time decreases with the precursor concentra- 
tion. A characteristic time-dependent SANS measure- 
ment for a sample with surfactant is shown in Fig. 2. 

In agreement with Fig. 1, the scattering intensity 
increases at low q with time. That means a fractal 
structure is also formed in the presence of surfactant. It 
is difficult to determine the fractal dimension from this 
measurement because, with increasing q values, first the 
intensity decreases but then it increases again and passes 
through a maximum in the range of ^ w 0.1 A“’. 

The scattering length density of TTAB can actually 
be matched by changing the contrast of the solvent. By 
the use of H 2 O instead of D 2 O, solely the scattered part 
of the silicate is observed. Hence the fractal dimensions 
of samples with and without surfactant can be compared 
immediately. It can been shown by means of contrast 
variation that the measured scattering curves are 
identical, independent of the surfactant concentration. 

The scattering peak in Fig. 2 is due to the presence 
of surfactant micelles. This correlation peak does not 
change from the beginning of measurement until 
gelation is completed. Therefore it suggests no signifi- 
cant influence of the precursor on the surfactant 
aggregates during hydrolysis and polymerisation. SANS 
measurements of the mixed system after gelation 
compared with the pure surfactant confirm this assertion 
(Fig. 3). The scattering pattern of the mixed system 
(filled squares) shows an intensity profile that is typical 
for fractal structures. In the range of low scattering 
vectors it corresponds to the pure precursor system after 
gelation. The correlation peak of the micelles verifies the 
presence of surfactant aggregates in our mixed system. 
Even with surfactant the gelled samples remained 
transparent and optically isotropic; no precipitation 
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Fig. 2 Gelation and time-dependent small angle neutron data of a 
sample containing 20 wt% ethylene glycol ester and 20 wt% TTAB in 
D2O 




Fig. 3 Small angle neutron data after gelation. Open circles outline the 
scattering pattern of the precursor alone (10 wt% ethylene glycol 
ester). Open squares indicate the scattering of TTAB (20 wt%) in the 
absence of dissolved silica, which reveals a single broad peak 
indicative of spherical micelles. Filled squares outline the scattering 
pattern of a sample containing silica and surfactant (10 wt% ester, 
20 wt% TTAB) 

was observed. The strength of the gels varied with 
precursor concentration as described. Their resistance to 
fracture is larger compared to the samples without 
surfactant and indicates a higher cross-linking. 

A more detailed picture of the surfactant correlation 
peak for different contents of silica precursor is given in 
Fig. 4. This behaviour seems to be inconsistent with the 
assertion that our precursor would not affect the sur- 
factant aggregates. As can be seen clearly, the maximum 
of the correlation peak shifts to higher q with increasing 
precursor concentration. It appears to be the case that 
this effect is connected with our precursor and the silica 
gel. After gelation the micelles are within the “pores” of 
the gel. Hence the distance between the aggregates is 
reduced, equivalent to a shift of the correlation peak 
towards higher q. 




Fig. 4 Small angle neutron data after gelation. All samples contain 
20 wt% TTAB and different amount of ethylene glycol precursor in 
D2O 
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The measurement of TTAB in aqueous ethylene 
glycol solutions shows exactly the same behaviour. In 
Fig. 5 one can observe the analogous shift of the 
correlation peak to higher q with increasing ethylene 
glycol concentration. Thus the ethylene glycol and not 
the silica gel is responsible for the observed effect. 

So far we used in our experiments only low surfactant 
concentrations where TTAB forms no liquid crystalline 
phases. However, the pre-existing mesophase is impor- 
tant with regard to our goal, which was to facilitate the 
synthesis of nanocomposites and control the pore 
dimensions readily over a wide range of sizes. Figure 6 
represents a first success towards obtaining large mono- 
liths of material. This sample contains 40 wt% TTAB 
and 10 wt% precursor. SANS measurement as well as 
the corresponding cross-polarised optical micrograph 
(Fig. 7) prove the presence of a liquid crystalline phase 
with a hexagonal structure. The fractal character of our 
monolith is recognisable by the scattering pattern at low 
q values. 
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Fig. 5 Position of the surfactant correlation peak as a function 
of ethylene glycol of precursor content (Csurf 20 wt% in all samples) 




Fig. 6 Small angle neutron data of a hexagonal liquid crystalline 
phase (40 wt% TTAB, 10 wt% ethylene glycol ester) in D 2 O 




Fig. 7 Cross-polarised optical micrograph of a hexagonal liquid 
crystalline phase (40 wt% TTAB, 10 wt% ethylene glycol ester) in 
D2O 



Conclusion 

The results of our experiments show that our ethylene 
glycol ester of orthosilicic acid is an appropriate 
precursor for an improved surfactant template synthesis 
of mesoporous materials in order to obtain large 
monoliths without phase separation. Time-dependent 
SANS measurements demonstrated the formation of a 
fractal structure during gelation of our novel esters. 
Gelled samples were transparent, optical isotropic and 
colourless. The structure of the surfactant aggregates is 
not destroyed by the dissolved silica precursor and the 
formed silica gel. Even a liquid crystalline phase is 
observed after the gelation of a 10 wt% precursor 
solution within a highly concentrated surfactant solu- 
tion. This opens up new possibilities for a better 
controlled preparation of mesoporous materials. 
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Abstract Fluorescence decay mea- 
surements of the rate of non-radia- 
tive direct energy transfer have been 
employed to characterize the core 
and the core-corona interface of 
polyisoprene-poly(methyl methacry- 
late) (PI-PMMA) diblock copolymer 
micelles in acetonitrile. These mi- 
celles consist of a core of the 
insoluble PI blocks and a corona of 
the soluble PMMA blocks. The 
block copolymers are labeled, at the 
block junction, with a single fluor- 
escent dye, either a donor chromo- 
phore (phenanthrene) or an acceptor 
chromophore (anthracene). Because 
the polymers are junction-labeled, 
the chromophores are naturally 
confined to the interface of each 
micelle. Analysis of fluorescence 
decay data indicate that energy 
transfer takes place on a flat sphe- 
rical surface, which implies a strong 



segregation between PI and PMMA 
in the micelle. From the data 
analysis, a micellar core radius of 
(7.6 ± 0.8) nm is calculated from 
which a number-average aggrega- 
tion number of 98 ± 22 is obtained. 
Static light scattering measurements 
give a weight-average aggregation 
number of 127 ± 6. The PI-PMMA 
micelles are star-like with stretched 
PMMA corona blocks. The corona 
thickness of the micelles varies from 
15.8 to 17.7 nm, using the hydro- 
dynamic radius and core radius 
obtained from dynamic light scat- 
tering and fluorescence decay mea- 
surements, respectively. 



Key words Block copolymer 
micelles - Morphology - Energy 
transfer - Fluorescence - 
Light scattering 



Introduction 

Micelle formation by block copolymers when dissolved 
in a solvent selective for one of the blocks has been 
studied for many years [1, 2]. The techniques of small- 
angle X-ray scattering [3, 4], small-angle neutron scat- 
tering [5] and electron microscopy have often been used 
in combination with light scattering experiments to 
obtain structural information about block copolymer 
micelles [6-8]. Many of these results, such as core radius 
(-^core) and corona length (LJ, have been compared 
successfully to the predictions of the models for “star- 
like” and “crew-cut” polymeric micelles [9-11]. 

This report concerns micelle formation of diblock 
copolymers of polyisoprene (PI) and poly(methyl 



methacrylate) (PMMA) in acetonitrile (CH3CN). Ace- 
tonitrile is a selective theta solvent for PMMA, which 
forms the corona. PI is insoluble in acetonitrile and 
comprises the micellar core. We wish to show how 
time-resolved fluorescence spectroscopy using the tech- 
nique of direct non-radiative energy transfer (DET) [12] 
can be utilized to characterize the morphology of the 
core, particularly at the core-corona interface, and to 
determine Rcore of these micelles. The PI-PMMA 
diblock copolymers are synthesized by anionic poly- 
merization and labeled at the block junction with a 
single fluorescent chromophore. The donor chromo- 
phore (D) is phenanthrene (Phe), the acceptor chro- 
mophore (A) is anthracene (An), and the polymers are 
singly labeled. The PI-PMMA samples have number- 
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averaged degrees of polymerization of (A^pP-ZVemma) 
150:470 (D-labeled) and 150:550 (A-labeled) and are 
denoted Iphe-21 and Ian-22, respectively. 

In order to utilize DET to characterize the core, the 
A- and/or D-labeled chains need to be randomly mixed 
in any given micelle. The D- and A-labeled polymers, 
in different weight ratios (wa/wd) ranging from 0.25 to 
3.54 (or mole fraction of acceptor-labeled copolymer, 
/a = 0-0.740), were therefore first dissolved in dichlo- 
romethane, which is a good solvent for both blocks. The 
solvent was then evaporated in a N 2 (g) stream to yield 
a thin film which was dried under vacuum at 50 °C. 
The solid mixture, when dissolved in acetonitrile, yields 
the desired mixed micelles, with the D and A restricted 
to the core-corona interface. 



348 nm. Figure 2 displays the fluorescence decay curves 
[/d( 0] for the micellar solutions of Iphe-21 and Ian-21 
mixed in different mole fractions of A-labeled copoly- 
mer. The total polymer concentration was kept at 
0.25 wt%. Note that in the absence of acceptors the 
decay is exponential, with a donor lifetime (tq) of 
45.5 ns. In the presence of acceptors the donor decay is 
faster (non-exponential) because of energy transfer. 

The analysis of the fluorescence decay data takes 
advantage of recent advances in the theory of energy 
transfer in restricted geometries [13]. It has been shown 
that the donor fluorescence decay contains information 
about the distribution of distances between donors and 
acceptors, which in turn is related to the morphology of 
the space in which DET takes place. /d( 0 may be written 
as [13, 14] 



Results and discussion 

Steady-state fluorescence measurements 

Figure 1 displays steady-state fluorescence emission 
spectra of a series of mixed (Iphe-21 -f Ian-22) micelles 
in acetonitrile. The extent of DET increases strongly as 
the mole fraction of A-labeled copolymer in the mixed 
micelles increases from 0 to 0.740. 



Time-resolved fluorescence measurements 

All time-resolved fluorescence measurements employed 
the single photon timing technique, where the donor was 
excited at 300 nm and its emission was monitored at 




300 350 400 450 500 550 



X / nm 

em 

Fig. 1 Fluorescence emission spectra of a series of mixed (Iphe- 
21 + Ian-22) micelles in acetonitrile with increasing increasing mole 
fraction of the acceptor-labeled copolymer, /a. The dashed line 
corresponds to a sample of pure Iphe-21 micelles in acetonitrile. The 
total copolymer concentration is 0.25 wt%. The excitation wavelength 
of the donor is 300 nm 



7d(0 =/d( 0) exp 



‘'DJ 



exp[-6f(0]; g{t) -n- 



( 1 ) 



where P is a parameter proportional to the local 
concentration of acceptors; fl = A/6, where A (A = 3, 
2, 1) is the dimensionality of the system where the 
donors and acceptors are distributed. 

When the DET is restricted to the surface of a small 
sphere of radius Rcore, i-S-, when donors and acceptors 
are distributed in a two-dimensional geometry, p = 1/3 
(A = 2) and P = 0.339 where /a 

is again the mole fraction of polymers with an acceptor at 
the junction and A®®® is the micelle aggregation number. 




Fig. 2 Time-resolved fluorescence decay measurements of 0.25 wt% 
dye-labeled PI-PMMA micellar solutions. The excitation wavelength 
of the donor is 300 nm and the donor emission is observed at 348 nm. 
The fraction of the acceptor-labeled copolymer, Ian-22, varies from 0 
(trace a) to 0.74 (trace g) 
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Rq is a constant depending on the D-A pair and is here 
equal to (2.3 ± 0.1) nm. Thus, from the slope of this 
plot, the core radius of the micelles may be extracted. 

When the data of Fig. 2 are fitted to the Eq. (1), two 
fitting parameters, /i and P, are recovered. We obtain 
P = 0.345 ± 0.034, which corresponds to a dimension- 
ality of A = 2.0 and indicates that energy transfer takes 
place on a flat spherical surface. This in turn implies a 
strong segregation between PI and PMMA in the micelle 
or a “sharp” interface. Some aspects of these energy 
transfer experiments were published previously [15]. The 
data were then reanalyzed by fixing the value of /i to 1/3, 
and a plot of P versus /a yields a straight line with the 
slope of 0339N^^^(Ro/Rcoief' = 3.05 ± 0.05. Assuming 
a spherical core composed only of PI, the aggregation 
number may be expressed as A^sg = (47ii?core^PpiAAv)/ 
where = (10.3 ± 0.6) x 10^ g/mol is the 
molecular weight of the PI block, ppi = 0.913 g/cm^ is 
the density of bulk PI, and Aav is Avogadro’s number. 
Combining the two expressions for we obtain 

^core = (7.6 ± 0.8) nmandA^®® = 98 ± 22. 



Static light scattering measurements 

An apparent molecular weight (M„) of (8.45 ± 0.03) 
X 10^ g/mol and a radius of gyration (i?g) of (19.5 ± 
0.6) nm were determined by static light scattering (SLS) 
at 21 °C for the mixed (Iphe-21 + Ian-22) micelles (vta/ 
Wd = 1.01) in dilute acetonitrile solutions. The weight- 
averaged unimer molecular weight (M™‘) for this 
specific Ian-22/Iphe-21 mixture is (67 ± 3) x 10^ g/mol. 
Using these values, a weight-average aggregation num- 
ber (A^®®) of 127 ± 6 is obtained for these micelles [16]. 
A ratio of A®®® /A®®® = 1.3 is calculated from the two 
different averages of aggregation numbers determined 
by DET and SLS. The micelle polydispersity determined 
in this way is close to that calculated from a cumulant 
analysis of the dynamic light scattering data [16]. 



Dynamic light scattering measurements 

Dynamic light scattering (DLS) measurements were 
performed at 21 °C on dilute acetonitrile solutions on 
the micelles composed of Ian-22 and Iphe-21 mixed in 
different ratios. Erom the diffusion coefficients (Dq), 
obtained from the analysis of the DLS data, the 
hydrodynamic radii (T^h) of the micelles were calculated 
using: Rn = kTj(6nt]oDo), where k, T and rjo are the 
Boltzmann constant, temperature in Kelvin, and solvent 
viscosity, respectively [16]. Rh is 25.2 nm for the 1:1 
mixed micelles of (Iphe-21 + Un-22). The ratio Rg/Ru 
[17] provides information regarding the internal mor- 
phology of the PI-PMMA micelles. For a Gaussian 




Fig. 3 The corona length (Lc) of mixed (Iphe-21 + Tn-22) micelles in 
acetonitrile as a function of mole fraction of En-22 in the micelles 



linear chain, Rg/Rn = 1-29, whereas for a perfect 
homogenous sphere, Rg/Ru = 0.775. RJRh = 0-77 ± 
0.02 for the 1:1 mixed micelles of Iphe-21 and Ian-22. 
Thus, the PI-PMMA micelles are spheres with a “soft” 
surface. 

In addition, the hydrodynamic corona thickness or 
length (Lc) is calculated from the expression = Rh 
R core, using a common value of i^core = 7.6 nm for Iphe- 
21, Ian-22, and their mixtures. The corona length of the 
chromophore labeled micelles are plotted in Fig. 3 as a 
function of the mole fraction of the Ian-22 copolymer. 
There is a small increase in with an increasing amount 
of Ian-22 in the mixed micelles, consistent with the fact 
that Ian-22 has a longer PMMA block than Iphe-21, 
leading to a larger corona as the Ian-22 content increases. 
The values vary from 15.8 to 17.7 nm. These may be 
compared with the root-mean square end-to-end dis- 
tance, of a PMMA chain of similar molecular 

weight as the PMMA blocks of Iphe-21 and Ian-22. We 
calculate values of = 13-14 nm for these two 

copolymers, which corresponds to a Rg of ca. 6 nm. 
Thus, the corona thickness is significantly larger than the 
unperturbed radius of a free PMMA chain. We conclude 
that the corona chains are stretched and the PI-PMMA 
micelles have a star-like structure. The experimental 
values are in good agreement with the models for star- 
like micelles [16]. 



Conclusions 

In summary, one is able to utilize the technique of direct 
non-radiative energy transfer to characterize the mor- 
phology of the core of block copolymer micelles in 






48 



selective solvents. For the PI-PMMA/CH3CN system 
considered here, the block copolymer micelles formed 
are star-like with stretched PMMA corona blocks. The 



PI segments strongly segregate from the solvent by 
forming a sharp interface with a compact spherical 
shape with a core radius of (7.6 ± 0.8) nm. 
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Abstract Stigmastanyl phosphor- 
ylcholine is a synthetic ester that 
consists of a non-polar stigmastanol 
group and a phosphatidylcholine 
residue. This drug forms a stable 
monolayer of low compressibility 
(3.3 X 10”^ m/mN) on spreading at 
the air/water interface. The fact that 
the limiting area (the area extrapo- 
lated to zero pressure) occupied by 
the monolayer is similar to that of 
the phospholipid L-a-dipalmitoyl- 
phosphatidylcholine suggests that its 
value, 60 A^/molecule, is mainly due 
to the polar group in both com- 
pounds; based on this value, the 
group is assumed to adopt a tilted 
orientation relative to the interface. 
This is seemingly confirmed by the 



results obtained at a variable sub- 
strate pH; in fact, the monolayers 
occupy larger areas on acid or alka- 
line substrates as a consequence of 
the ionized state of the polar group, 
which takes an orientation in be- 
tween that coplanar with the inter- 
face and that normal to the surface. 
Increasing the subphase temperature 
or ionic strength results in a more 
marked expansion of the film 
through decreased surface packing of 
the non-polar residue or an orienta- 
tional change in the polar group (or 
its solvation state), respectively. 

Key words Monolayers - Air/water 
interface - Stigmastanyl phosphor- 
ylcholine films 



Introduction 

Stigmastanyl phosphorylcholine (S-PC) is an ester 
consisting of a sterol (stigmastanol) bonded to a 
phosphorylcholine group as depicted in Scheme 1. It 
decreases cholesterol absorption in the intestine, lowers 
cholesterol levels in plasma and reduces atheroma 
formation [1]. In vitro studies [2] suggest that these 
effects may be the result of the structural changes 
induced by S-PC in lecithin-taurocholate-cholesterol 
micelles present in the intestine. These may decrease 
cholesterol uptake by enterocytes, thus accounting for 
the inhibition of cholesterol absorption observed in the 
in vivo experiments. 

In order to confirm this hypothesis, we are conduct- 
ing systematic research into the in vitro behaviour of S- 
PC in the presence of cholesterol and phospholipids by 




Scheme 1 

using the monolayer technique with a view to modelling 
the behaviour of this type of system in vivo . This paper 
reports preliminary results provided by S-PC spread at 
the air/water (A/W) interface under experimental 
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conditions involving variable numbers of deposited 
molecules, monolayer compression rates and subphase 
pH, temperature and ionic strength. 



Experimental 

S-PC was supplied by Roche and used without further purification. 
The product is still at an experimental stage, so it is not 
commercially available at present. Spreading solutions were made 
by dissolving it in chloroform (Merck) containing a few drops of 
amyl alcohol. Except when examining its influence, the number of 
molecules spread at the subphase was the same in every experiment: 
4.25 X lO'^. The curves obtained by spreading the number of 
molecules within the range of 2.58 x 10'^-5.11 x lO’^ were iden- 
tical. Solutions were deposited by a Gilson-Microman micropipette 
and were left for 10 min before compressing in order to ensure 
complete evaporation of the solvent. 

Stigmastanol (Sigma, 97.2% purity) and dipalmitoyl- 
phosphatidylcholine (DPPC) (Sigma, 99% purity) were dissolved 
in chloroform. 

ti-A curves were obtained on a KSV 5000 surface balance 
equipped with a termostated Teflon trough with an area of 
675 cm^. The compression rate was adjustable from 0.01 to 
400 mm/min. We used the value of 60 mm/min, as preliminary 
experiments revealed that rates in the range 30-60 mm/min had 
no appreciable influence on the shape of the isotherms. 

The subphase used was a Theorell-Stenhagen buffering solution 
consisting of sodium citrate, borate and phosphate, the pH of 
which was adjusted with 2 M HCl. The water used to prepare the 
subphase was supplied by a Mill! RO-Milli Q reverse osmosis 
apparatus (Millipore) that provides “reagent-grade” water of 
18 MH cm resistivity. The ionic strength was adjusted with NaCl 
(Merck). 



Results and discussion 

Figure 1 shows the compression isotherm for S-PC, as 
well as those for stigmastanol and DPPC at the temper- 
ature of 20 °C. By comparing the shape and character- 
istics of the three isotherms, one can envisage the 
influence of the sterol residue and the phosphatidylcho- 
line group on the surface behaviour of S-PC. 

Stigmastanol gives a condensed monolayer, the 
isotherm for which (curve 1 in Fig. 1) exhibits the 
typical shape of the n-A curves for sterols [3]. Its 
compressibility and compressional modulus are 

3.2 X 10”^ m/mN and 312.5 mN/m, respectively; both 
are typical for a monolayer in the solid state. Also, its 
collapse pressure, 45.5 mN/m, is consistent with report- 
ed values for other sterols [4-6]; such a pressure, 
however, depends markedly on the monolayer compres- 
sion rate used; it decreases with decreasing rate [7]. The 
limiting area of a stigmastanol monolayer is 37 A^/ 
molecule; that for a cholesterol monolayer ranges from 
37.8 to 38.5 A^/molecule [8-11]. 

Based on previous data [6], sterols are assumed to 
orientate themselves vertically at the A/W interface, via 
the sole hydrophilic group (OH) in their molecules. This 
vertical arrangement of the aromatic rings of the 




Fig. 1 Compression isotherms of monolayers spread on buffer 
subphase at pH 7, 20 °C: 1 stigmastanol; 2 DPPC; 3 S-PC 

molecules favours hydrophobic interactions between 
them and hence the formation of tightly packed 
monolayers that occupy similar areas whatever the 
nature of the sterol. 

On the other hand, DPPC forms a monolayer, the 
isotherm for which (curve 2 in Fig. 1) exhibits several 
distinct regions [12]. The first region, at surface pressures 
below 5 mN/m, corresponds to a liquid expanded state 
of compressibility 5.5 x 10“^ m/mN (Cs“^^ = 18 mN/m). 
Over the area range from 75 to 95 A^/molecule, a 
transition region occurs with the coexisting condensed 
and liquid phases of the phospholipid [13, 14]. Further 
compression of the film gives rise to a condensed 
monolayer of low compressibility (4.4 x 10”^ m/mN). 
The corresponding limiting area, 60 A^/molecule, is 
similar to that recently obtained by Naumann et al. 
[15] using deuteraled wafer and slightly higher than that 
found by Kasselouri et al. [16] on water at pH 5.5. The 
differences may be due to the Theorell buffer used as a 
subphase in our experiments, causing slight expansion 
of the film. 

S-PC forms a monolayer similar lo lhat of Ihe 
previous phospholipid. As can be seen from curve 3 in 
Fig. 1, ifs isotherm is similar to that for DPPC; however, 
it does not include the plateau characteristic of DPPC. 
Also, the S-PC monolayer is somewhat more condensed 
than that of the phospholipid; its compressibility 
(3.3 X 10”^ m/mN) is similar to that of the sterol. The 
limiting area of the film, oblained by extrapolation of 
the upper part of the curve to zero pressure, is virtually 
identical with that of DPPC (60 A^/molecule). 
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The above results allow one to draw several conclu- 
sions. First, the absence of the plateau from the n-A 
curve for S-PC can be ascribed to its non-polar residue, 
which is different from that in DPPC. The transition 
region in the phospholipid monolayer may be the result 
of an orientational change in its hydrocarbon chains 
from a more or less tilted position to a more vertical one 
[17]. According to Ockman [18], at low surface pres- 
sures, lecithin molecules lie at an angle of 30° to the 
vertical direction. Beyond the plateau, the angle is only 
16° according Flupfer and Ringsdorf [19]. This change 
does not take place in S-PC because its non-polar 
residue consists of a cyclopentanoperhydrophenanthre- 
ne ring system, which is quite rigid and allows for no 
changes in orientation. On the other hand, the 
phosphatidylcholine group appears not to be responsible 
for the presence of the plateau since the curve for S-PC, 
which bears the same group, does not exhibit a plateau. 

Second, the fact that the limiting molecular area of S- 
PC is virtually identical with that of DPPC suggests that 
the non-polar residue of the molecule has no effect on it, 
otherwise the area should be similar to that occupied by 
stigmastanol as the residue is identical in both. The 
phosphatidylcholine group must therefore be the origin 
of the relatively high area occupied by the film in its 
packed state (60 A^/molecule). Also, based on this 
value, one may postulate that the group cannot be 
orientated normal to the A/W interface; were that the 
case, the film area would be dictated only by the cross- 
sectional area of the non-polar group, a possibility we 
have excluded above. Most likely, the phosphatidylcho- 
line group lies parallel to or at a small angle to the 
interface. Hayashi et al. [20] favour the former orienta- 
tion for cephalins containing the polar phosphatidyleth- 
anolamine group on the basis of the strong electrostatic 
interactions between charged ammonium and phosphate 
groups in neighbouring molecules. The results for the 
orientation of the phosphatidylcholine group in mono- 
layers spread at the A/W interface are contradictory [20- 
22]; however, judging from data obtained in the crystal 
state [23] and in bilayer form [24], the dipole may 
orientate itself at an angle to the interface. This 
arrangement facilitates electrostatic repulsions between 
charged phosphatidylcholine groups in neighbouring 
molecules; this is consistent with the fact that the area 
of S-PC is much higher than that of stigmastanol, the 
polar (hydroxyl) group of which is much smaller (and 
uncharged). 

The above hypothesis is supported by the behaviour 
of S-PC in substrates of variable pH. As can be seen from 
Fig. 2, the n-A curves obtained under these conditions 
occupy higher areas when spread on acid or alkaline 
substrates. In fact, the largest variations in film area were 
observed at a subphase pH of 1 1 (curve 4 in Fig. 2). The 
monolayer is also more markedly expanded than it is at 
other pH values (compressibility of 4.8 x 10”^ m/mN in 




Area (A^/Molec.) 

Fig. 2 The influence of pH on compression isotherms of S-PC at 
20 °C: 7 pH 7; 2 pH 3; 3 pH 2; 4 pH 11 

the former case and 3.8 x 10“^ m/mN in the others). On 
the other hand, the isotherms obtained in acid substrates 
(curves 2 and 3 in Fig. 2) are identically shaped and very 
similar to that recorded at pH 7 (curve 1 in Fig. 2). In any 
case, the monolayer at pH 2 possesses a slightly higher 
specific area than that at pH 3. 

The above results can be ascribed to the pH 
influencing the ionization state of the polar group of 
S-PC, which is a zwitterion in the pH range from 3.5 
to 10 [25], is positively charged at pH 2-3 and bears one 
net negative charge above pH 10. Accordingly, if the 
phosphatidylcholine group adopted a coplanar arrange- 
ment at the interface, the monolayer should behave 
identically in both acid and alkaline media since 
electrostatic repulsions between positively or negatively 
charged polar groups in neighbouring molecules would 
be of similar magnitude and hence result in monolayers 
exhibiting the same behaviour. Because this is not case, 
a coplanar orientation of the phosphatidylcholine group 
at the interface can be ruled out and a more or less tilted 
orientation assumed; in this situation, electrostatic 
repulsions between positively charged amino gronps 
(below pH 3.5) are smaller since the groups are im- 
mersed in the subphase, the water molecules of which 
thus “shield” electrostatic repulsions between the gronps 
and hence result in only slightly expanded monolayers. 
In alkaline media, however, a tilted orientation of the 
polar group enables repulsive interactions between 
phosphate groups in neighbouring molecules, which will 
be located at the interface; this is consistent with the 
formation of expanded monolayers of increased molec- 
ular areas under these pH conditions. 
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Fig. 3 The influence of temperature on compression isotherms of 
S-PC spread on aqueous subphase of pH 7 : 1 10 °C; 2 15 °C; 3 20 °C; 
4 30 °C; 5 35 °C 



This study on the surface behaviour of S-PC was 
compieted by examining the influence of temperature on 
its monolayers. The results are shown in Fig. 3. Broadly 
speaking, raising the temperature results in more mark- 
edly expanded monolayers with higher molecular areas, 
particularly above 20 °C (see curves 4 and 5 in Fig. 3). 
The temperature also affects the collapse pressure, which 
falls from 65 mN/m below 20 °C to 48 mN/m at 30 °C 
and 35 °C. Monolayer expansion in response to an 
increased temperature is a frequently observed phenom- 
enon [26, 27] and is ascribed to increased thermal 
agitation in the non-polar residue of the molecules, which 
leads to a looser packing state. As a result, the monolayer 
loses its stability and collapses at lower pressures. 




Area (A^/Molec.) 



Fig. 4 The influence of ionic strength on compression isotherms of 
S-PC spread on aqueous subphase of pH 7 at 20 °C: 7 0 M NaCl; 
2 0.5 M NaCl; 3 1 M NaCl; 4 2M NaCl 



Increasing the ionic strength of the substrate by the 
addition of NaCl resulted in a slight expansion of the S- 
PC monolayer but in no change in its collapse pressure 
(Fig. 4). Because altering the ionic strength must affect 
the polar part of the monolayer (anchored to the 
substrate) but not its hydrophobic one (pointing at the 
air), the increased area it exhibits at an increased 
substrate ionic strength must be the result of a change 
in the orientation of the phosphatidylcholine group or in 
its solvation state. 
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Abstract Two-dimensional phase 
behaviour and ordering of branched 
chain glycerophosphoethanolamines 
(n-16PEs) having a 2-branched hex- 
adecanoyl chain (the side chains are 
methyl, ethyl, pentyl and tetradecyl) 
at the sn-\ position of the glycerol 
backbone and an unbranched hex- 
adecyl residue at the sn-2 position, 
are systematically studied. The or- 
dering of the alkyl chains is increas- 
ingly disturbed by short side chains 
of increasing length so that at « = 5 
a condensed monolayer phase can- 
not be formed. Further side chain 
elongation enhanced again the or- 
dering with the consequence that a 



tetradecyl side chain leads to texture 
and thermodynamic properties of 
the monolayer which correspond to 
those of a triple-chain phospholipid. 
Texture and shape of the dendritic 
or fractal-like condensed phase do- 
mains are similar to that known 
from double-chain phosphatidyl- 
amine monolayers. However, 
in agreement with the ordering, 
individual differences in the inner 
textures are observed at different 
side chain lengths. 

Key words Phospholipids - Mono- 
layer - Surface pressure-area iso- 
therms - Brewster angle microscopy 



Introduction 

Langmuir monolayers of phospholipids are often used as 
model systems for biological membranes. With the recent 
development of sensitive imaging techniques, a large 
variety of condensed phase textures in phospholipid 
monolayers has been found to depend on the chemical 
structure of the head group [1-5]. Thermodynamic studies 
of monolayers on the water surface provide information 
on the behaviour of the phospholipids in three-dimen- 
sional and two-dimensional states [6-8]. Here we focus on 
the properties of the condensed phases of phospholipid 
monolayers. The non-horizontal “plateau” region of the 
surface pressure-area (n-A) isotherms provides evidence 
for the existence of a first-order phase transition in 
Langmuir monolayers [9, 10]. The growth of the con- 
densed phase during the phase transition leads to specific 
condensed phase patterns surrounded by a fluid-like 
phase. Consequently, the capability to image domains 
and their inner structure using Brewster angle microscopy 



(BAM) has been used for imaging the phospholipid 
domains so that a rich variety of shapes and textures has 
been found [1-5]. The chemical structure of the phospho- 
lipids head groups was systematically varied for studying 
the effect of both the head group modification [3-5] and 
the chain branching [1 1] on the two-dimensional ordering. 

This work was addressed to the chain branching 
effect on the monolayer properties of the double-chain 
phospholipid. It can be expected that, in dependence on 
the side chain length, the packing of the alkyl chains is 
disturbed. Here we present the effect of the side chain 
length on the 2D phase behaviour and the textures of 
the condensed phase domains using branched chain 
glycerophosphoethanolamines (PE). 



Materials and methods 

The synthesis of the branched chain lipid glycerophosphoethanol- 
amines (n-16PEs) with a side chain length (n) of 1, 2, 5 and 14 C- 
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atoms was performed by Dr. F. Bringezu, as described elsewhere 
[12, 13]. The substances were purified by column chromatography 
and characterised by mass spectrometry (MS) and high per- 
formance liquid chromatography (HPLC). All substances used had 
a purity >99.8%. The general structural formula of the «-16PEs is 
given in Fig. 1 . In the following, only the abbreviations of the four 
substances («-16PE) are used, where n is the length of the side 
chain: rac-l-(2-methylhexadecanoyl)-2-(0-hexadecyl)glycerophos 

phoethanolamine (1-16PE), rac-l-(2-ethylhexadecanoyl)-2-(0-hexa- 
decyl)glycerophosphoethanolamine (2-16PE), rac-l-(2-pentylhexa- 
decanoyl)-2-(0-hexadecyl)glycerophosphoethanolamine (5- 1 6PE), 
rac-l-(2-tetradecylhexadecanoyl)-2-(0-hexadecyl)glycerophospho- 
ethanolamine (14-16PE). 

The phospholipids were spread from a 10^^ M solution in 
chloroform (Baker, Holland) onto the pure water surface. The %-A 
isotherms were recorded with a computer-interfaced film balance 
[9]. The surface pressure n was measured with the Wilhelmy 
method using a roughened glass plate. The n-A isotherms and the 
BAM images were recorded at different compression rates 
r = II A dAjdt between 1 x 10“"* s“' and 5 x 10“^ s“' instead of 
different barrier velocities. The 71-^4 isotherms shown in Figs. 2-5 
are equilibrium isotherms independent of the compression rate. 

The film balance was coupled with a Brewster angle microscope 
(BAM 2, NFT Gottingen, Germany). By using a green laser (30 
mW, Uniphase, San Jose, Calif.) the contrast and the lateral 
resolution (Ri3 iim) was improved. The microscope was equipped 




with a special scanning technique to obtain sharp images even at 
the non-perpendicular angle of view. 



Results and discussion 

The 71-^ isotherms of the investigated phospholipids 
1-16PE, 2-16PE, 5-16PE and 14-16PE recorded at 




Fig. 2 7!:-,4 isotherms of 1-1 6PE monolayers at different temperatures 




Fig. 3 %-A isotherms of 2-16PE monolayers at different temperatures 




Fig. 1 Chemical structure of the branched chain glycerophosphoeth- 
anolamines («-16PE) 



Fig. 4 n-A isotherms of 5-16PE monolayers at different temperatures 
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Fig. 5 n-A isotherms of 14-16PE monolayers at different tempera- 
tures 



different temperatures are shown in Figs. 2-5. The 
isotherms of the PEs with short side chains (1-16PE, 
2-16PE) as well as with long side chains (14-16PE) show 
over a wide temperature range a pronounced plateau 
region, which indicates a main phase transition of first 
order. This plateau is missing in the isotherms of the PE 
with a medium side chain length (5-16PE). Eor 1-16PE, 
2-16PE and 14-16PE, consequently a two-phase coex- 
istence region exists between a condensed phase sur- 
rounded by a fluid-like phase which can be visualised 
by BAM. In the 5-16PE monolayers, the effect of the 
medium side chain on the ordering of the alkyl chains is 
obviously so high that a condensed phase cannot be 
formed. The packing of the alkyl chain is disturbed so 
much that the condensed phase domains could not be 
observed by BAM over the whole temperature range. 

The temperature dependence of the phase transition 
pressure ti, is given in Eig. 6. The dn/dT slopes are 
nearly linear and amount to 0.68, 2.01 and 0.84 mN/m 
per K for 1-1 6PE, 2-16PE and 14-16PE, respectively. 
Eor the most amphiphilic monolayers this value is 




T[“C] 



Fig. 6 Temperature dependence of the main phase transition pres- 
sure 71 , 



found to be about 1 or lower. The strong dependence of 
2 mN/m per K is a special feature of the substance 
with the ethyl side chain. The extrapolation to a surface 
pressure of zero provides the temperature Tq at which 
the condensed phase is already formed at ti = 0 mN/m. 

The critical temperature T/, above which no phase 
transition takes place, can be obtained by using the 
two-dimensional Clausius-Clapeyron equation AH = 
AA-T(dn/dT). The enthalpy AH for the phase transition 
can be calculated as a function of the temperature 
(Eig. 7). Once more the temperature dependence of 
2-14PE is much stronger than for the other side chain 
modified phospholipids. The values of Ihe critical 
temperature J/ are obtained by extrapolation to 
AH = 0. The corresponding J/ values are 49.5, 25.7 
and 39.8 °C for n = 1, 2 and 14, respectively. 

It is interesting to compare the area per molecule of 
the branched chain PE monolayers at tightest packing 
with the cross sectional areas of the alkyl chains. With 
increasing side chain length the cross-sectional area 
increases from approximately 0.50 nm^/molecule for 
1-16PE with CH3 branching to more than 0.60 nm^/ 
molecule for 14-16PE with C14H29 branching. This 
shows the increasing effect of the side chain on the 
packing of long double chain. As the cross-sectional area 
of one alkyl chain is <0.20 nm^, it follows that for the 
double chain it is <0.40 nm^ and for the triple chain it 
is <0.60 nm^. Consequently the packing of the double 
chain is increasingly disturbed up to side chain lengths of 
about 5, but at the elongation of the side chain up to 14 
the ordering is improved as the conditions of a triple 
chain are approximated. In the case of short-chain 
branching the additional space provides a possibility for 
the tilting of the long double chains. 

BAM is an effective optical technique to study the 
nature of the 2D condensed phase formed after the main 
phase transition point of the n-A isotherm. This method 
allows not only the determination of size, shape and 




TfC] 



Fig. 7 Temperature dependence of the phase transition enth- 
alpy 
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Fig. 8 Brewster angle micro- 
graphs of 1-16PE domains within 
the two-phase coexistence region 
(r = 24 °C). The bar represents 
100 /iin; all images are to the 
same scale 




Fig. 9A-D Brewster angle mic- 
rographs of 2-16PE domains. 

A, B at a compression rate 
r = 1.5 X lO^'* s^', C, D 
after 3 h 



A 



B 





C 



D 
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Fig. lOA-D Brewster angle mic- 
rographs of 14-16PE domains. A 
at r = 1.5 X 10“^^ s“‘; B, C, D 
show the domain transformation 
within 1 h 





inner texture of the condensed phase domains, but also 
of the growth and relaxation kinetics of the domains. 
Examples of texture patterns are shown in Figs. 8-10. 
The general morphological properties of side chain 
branched PEs are similar to those of the unbranched 
DPPE [3-5]. In spite of the different side chain lengths, 
the branched chain PEs (1-16PE, 2-16PE and 14-16PE) 
develop ramified textures at usual compression rates. 
The domains become more compact or approach to a 
nearly circular shape at very low compression rates or 
after stopping the compression in the plateau region of 
the isotherm. However, shape and inner texture have 
interesting peculiarities for the different alkyl chain 
lengths. 

Because of the poor contrast, the distinction between 
a dendritic or fractal shape of the 1-16PE domains is 
difficult. In the fractal growth regime, the growth 
directions are not correlated to the crystallographic 
directions, so that an inner ordering could not be seen. 



The domains of the 2-16PE monolayers are highly 
ramified and resemble irregularly grown dendrites 
(Fig. 9). Even at a low compression rate or after a long 
relaxation time of 3 h, the domains have not reached a 
circular shape. Instead of this, comparably thick domain 
arms which reflected differently were formed, i.e. the 
molecules of the single domain arms are differently 
oriented and tilted (Fig. 9C, D). By manipulating the 
analyser of the BAM, it can be concluded that there 
obviously exist regions of different azimuthal tilt. 

In contradiction to the PEs with a short side chain, 
the I4-I6PE domains with a long side chain reflect 
homogeneously at all analyser positions, which implies 
that these molecules are not tilted and consequently have 
no inner texture. For a 14-16PE monolayer, a sequence 
of BAM images shows the changes of the domain shape 
with time at a fixed barrier position (Fig. 10). Here the 
domains equilibrate to a more or less circular shape. In 
agreement with the cross-sectional area data obtained 
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from the n-A isotherms, this indicates that the 14-16PE 
monolayer behaves as a triple-chain monolayer. 

Measurements of the X-ray diffraction at gracing 
incidence (GIXD) have provided quantitative informa- 
tion on the lattice parameters and tilt angles of the 
molecules. These results, which are reported elsewhere 



[14], support the present work on the phase behaviour 
and ordering of branched-chain PES. 
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Abstract This work consisted of 
finalizing simple strategies of syn- 
thesis to obtain new double-chain 
perfluoroalkylated amphiphiles hav- 
ing a modular structure and in 
studying their ability to form mem- 
brane bilayers as a function of their 
molecular structure. The synthesis of 
F-alkylated isocyanates and the 
corresponding F-alkylated ureas are 
described. Amphiphiles are prepared 



by quaternization of F-alkylated 
ureas by 1-bromoalkanes and 2- 
(F-hexyl)ethylbromoacetamide and 
sonicated in water. The sonicated 
solutions are viewed by freeze frac- 
ture electron micrography. 

Key words Fluorinated isocyan- 
ates - Fluorinated urea - Fluori- 
nated double-chain amphiphiles - 
Vesicle 



Introduction 

In the last decade, stable vesicles could be obtained when 
the hydrocarbon tails of bilayer-forming amphiphiles 
were replaced by fluorocarbon segments [1, 2]. We have 
reported numerous synthetic perfluoroalkylated amp- 
hiphiles forming stable membrane bilayers [3-6]. The 
stability of fluorine-containing vesicular systems is 
fundamental for using them in long-term applications 
such as drug carriers [7]. Vesicles can be characterized as 
associated colloids, built up of amphiphilic molecules 
that self-assemble in aqueous media into spherical self- 
closed structures. The perfluoroalkyl groups of amp- 
hiphiles result in an increase of hydrophobic interactions 
and in the formation of a hydrophobic, lipophobic and 
fluorophilic rigid area within the bilayers. Recently we 
studied the capacity of these fluorine-containing vesicles 
to entrap and release probes such as calcein [8]. In other 
work we described the synthesis and aggregation 
behaviour of amphiphiles derived from perfluoroalkyl- 
ated disubstituted ureas and trisubstituted ureas 
containing a spacer group [9], which were formed from 
2-F-alkylethyl isocyanates [10]. In the present work we 
report the synthesis of a new family of F-alkylated 
isocyanates: 2'- and 3'-[2-(F-alkyl)ethylthio]alkyl isocy- 



anates. The preparation of new urea-based double-chain 
amphiphiles from these isocyanate intermediates is then 
described and their aggregation behaviour is studied as 
a function of their molecular structure changes. 



Results and discussion 

Synthesis 

The conversion of 2'- and 3'-[2-(F-alkyl)ethylthio]alkyl 
isocyanates la-f from 2-F-alkylethanethiols is perform- 
ed according to the Curtius method, proceeding in four 
steps as shown in Fig. 1. The first step is the reaction 
of sodium 2-(F-alkyl)ethanethiolate with ethyl bromo- 
alkanoate. The second step is the hydrolysis of the 
preceding ester to the corresponding acid by potassium 
hydroxide. The third step is the conversion of the acid 
function into an acid chloride by phosphorus penta- 
chloride. The fourth step is the preparation of the 
isocyanate intermediate by reaction of the acid chloride 
with trimethylsilyl azide. Table 1 collects the yields and 
boiling points of compounds la-f. 

With the aim of rapidly preparing F-alkyl/F'-alkyl 
and mixed F-alkyl/alkyl amphiphiles we found a 
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RpC2H4SH 

i) Na, EtOH, r.t. 

ii) Br(CH2)nCOOEt 

T 

RpC2H4S(CH2)jCOOEt 

iii) KOH, MeOH, A, HCl 20% 

iv) PCI5, A 

^ v) (Me)3SiN3 

RpC2H4S(CH2)jjN=C=0 

la-f 



RpC2H4S(CH2)„N=C=0 

Ic-f 

I H2NC2H4N(CH3)2, r.t. 



RpC2H4S(CH2)^NH(JNHC2H4N(CH3)2 

O 

2c-f 






RBr, A 



RpC2H4S(CH2)„NHCNHC2H4^^ ^ 
R Q _ _ 



CH, 




Br- 



CHi 



Rp = C4F9, C5F13, CgFjy; n = 1,3. 

Fig. 1 Synthesis of F-alkyl isocyanates la-f 



Table 1 Yields and boiling points of the F-alkylated isocyanates 

la-f 



No. 


Rp 


n 


Yield (%) 


Bp (°C/mm ffg) 


la 


C 4 F 9 


1 


89 


53/0.10 


lb 


C 4 F 9 


3 


87 


82/0.10 


Ic 


C6pi3 


1 


60 


68/0.10 


Id 


C 6 F 13 


3 


92 


76/0.50 


le 


CgFiv 


1 


82 


71/0.20 


If 


CsFiv 


3 


79 


108/0.20 



Rp = C4F9, C5F13, CgFi7; n = 1,3. 

R = C6H13, C8H17, C12H25, C16H33, 
C6Hi 3C2H4NHC(0)CH2 ; n = 1,3. 

Fig. 2 Synthesis of F-alkyl/alkyl and F-alkyl/F'-alkyl double-chain 
amphiphiles 3c-m 

quaternized by 1-bromoalkanes or 2-(F-hexyl)ethylb- 
romoacetamide to afford the double-chain amphiphiles 
3c-m. Table 2 collects the yields, the melting points of 
compounds 2c-f and 3c-m and the surface (ST) and 
interfacial (IT) tensions of compounds 3c-m. 



simple synthetic route, displayed in Fig. 2, via urea 
precursors which are obtained by condensation of the 
isocyanate intermediates Ic-f with A^,A^-dimethylami- 
noethylamine. Then the urea derivatives 2c-f were 



Aggregation behaviour 

We studied the aggregation behaviour of amphiphiles 
3c,d,g,i-m, which exhibit molecular structure changes 



Table 2 Yields and melting 
points of F-alkylated ureas 
2c-f and yields, melting points, 
surface and interfacial tensions 
of double-chain amphiphiles 
3c-m 



No. 


Rp 


n 


R 


Yield (%) 


Mp (°C) 


ST (0.1%) 
(mN/m) 


IT (0.1%) 
(mN/m) 


2c 


C 6 F 13 


1 


- 


87 


126 


- 


- 


2d 


C 6 F 13 


3 


- 


83 


90 


- 


- 


2e 


QFi3 


1 


- 


82 


a 


- 


- 


2f 


QFi3 


3 


- 


68 


58 


- 


- 


3c 


C&F13 


3 


C 6 H 13 


85 


151 


16.4 


3.6 


3d 


QFi3 


3 


C 6 H 13 


80 


a 


16.1 


5.4 


3e 


C&F13 


1 


CsH,, 


78 


149 


16.6 


2.1 


3f 


C&F13 


1 


CiaFlas 


84 


139 


17.4 


1.1 


3g 


C6F 13 


3 


CiaFlas 


72 


a 


17.1 


0.6 


3b 


QFi3 


1 


CiaFlas 


75 


a 


13.5 


1.6 


3i 


QFi3 


3 


CiaFlas 


70 


a 


15.6 


1.0 


3j 


C&F13 


1 


Cl6Fl33 


82 


149 


17.4 


4.0 


3k 


CgFiv 


1 


Cl6Fl33 


79 


164 


17.1 


6.5 


31 


C&F13 


1 


C6Fi3C2H4NHC(0)CH2 


78 


146 


15.5 


3.2 


3m 


CgFiv 


1 


C6Fi3C2H4NHC(0)CH2 


81 


a 


25.8 


4.6 



Waxy solid or paste 
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that vary with the length of the F-alkylated segments 
and alkyl chains and with the length of the polymeth- 
ylene spacer interposed between the urea function 
connecting the polar head and the group RFC 2 H 4 S-. 

The amphiphile (50 g) was hydrated with 5 ml of 
distilled desionized water for 2 x 10 min at 70 °C, then 
sonicated for 2x15 min at the same temperature. A 
milky turbid solution was obtained. No sedimentation 
or other visible changes were observed after a 10 months 
storage period at 25 °C. The aggregates were examined 
by electron microscopy after freeze fracture. Amp- 




hiphiles 3g,i-k form small unilamellar vesicles with 
similar spherical shapes. Figure 3 shows the electron 
micrographs of vesicles from amphiphiles 3k and their 



Fig. 3a Electron micrographs after freeze fracture of sonicated 
solution containing amphiphiles 3k (magnification x75 000). b Size 
distribution of vesicles from amphiphiles 3k. c Electron micrographs 
after freeze fracture of sonicated solution containing amphiphiles 
3c (magnification x75 000). d Electron micrographs after freeze fracture 
of sonicated solution containing amphiphiles 3m (magnification x 
100 000) 




Diameter of vesicles [nm] 
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diameter size-distribution curve, exhibiting a mean 
diameter around 49 nm. Amphiphiles 3g and 3i, which 
have the same C12H25 alkyl chain, the same spacer 
length {n = 3) but a different perfluoroalkyl group, 
form vesicles with a mean diameter around 35 nm and 
20 nm, respectively. The same result is obtained for 
amphiphiles 3j and 3k, which have the same C16H33 
alkyl chain, the same spacer length (n = 1) but a 
different perfluoroalkyl group. The respective vesicles 
have a mean diameter around 60 nm and 49 nm. 
Therefore the lengthening of the perfluorinated segment 
leads to a reduction of the vesicle size. We also observed 
that amphiphiles 3c and 3d formed only micelles or rods, 
in contrast to amphiphiles 3g and 3i which form 
spherical vesicles. Figure 3 shows the electronmicro- 
graph of micelles obtained with amphiphile 3c. Amp- 



hiphiles 3c and 3g have the same spacer length (« = 3) 
and the same perfluoroalkyl group, but their alkyl 

chain is respectively CgHn and C12H25. Amphiphiles 3d 
and 3i also have the same spacer length (« = 3) and 
the same CgFiv perfluoroalkyl group, but their alkyl 
chain is respectively C6H13 and C12H25. As a result 
it seems that there is only vesicle formation when the 
number of carbon atoms in the hydrocarbon chain is 
more than six. Amphiphiles and 3m have the same 
structure as amphiphiles 3j and 3k except that instead of 
the C16H33 alkyl group they contain the groups 
C6 Fi 3C2H4NHC(0)CH2. This structural change is suf- 
ficient to result in the formation of micelles and very 
small vesicles ( <20 nm) or flattened vesicles. Figure 3 
shows the electronmicrograph of small vesicles obtained 
with amphiphile 3m. 
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Abstract The generally observed 
experimental features of solvation 
forces were considered. It was shown 
that the phonon mechanism of long 
range surface forces can be applied 
directly to explain solvation forces. 
In terms of this mechanism, the 
oscillations of interaction forces 
arise due to spatial dispersion; they 
result in oscillations of collective 
vibration states density varying with 
film thickness. The peculiarities of 
solvation forces revealed in different 



systems and the correlation between 
oscillation parameters and the char- 
acteristics of interacting media have 
been discussed. 



Key words Liquid films - Solvafion 
forces - Dynamic structure - 
Phonon 



Introduction 

Understanding the structure and dynamics of liquid in 
thin interlayers is of fundamental importance in pre- 
dicting the surface forces. Since the work of Horn and 
Israelachvili [1] the variation of oscillatory behaviour 
with film thickness has attracted increasing attention. 
As the period of oscillations (the distance between two 
consecutive maxima or minima of the force versus the 
separation curve) is of the order of the molecular 
diameter of solvent molecules, these forces are usually 
referred to as solvation forces. Such oscillatory behav- 
iour has been detected for two different types of thin 
film systems: (1) in interlayers of colloid solutions [2-5], 
and (2) in liquid interlayers confined by solid surfaces 
[1, 6-23]. 

In this paper we consider systems of the second type, 
which have been thoroughly studied in numerous works. 
We briefly summarise the main features of solvation 
forces observed experimentally and demonstrate that the 
theory of a phonon component of disjoining pressure 
provides an adequate explanation for many of the 
experimental observations. 



A brief survey of experimental observations 
on solvation forces 

For nonpolar liquids like benzene [6, 7], tetrachloro- 
methane [7], cyclohexane [7, 8], and octamethyl- 
cyclotetrasiloxane (OMCTS) [1, 7], the force curve at 
short ranges is a decaying oscillatory function of 
distance. The periodicity is roughly equal to the mean 
molecular diameter and exhibits up to 8-10 measurable 
oscillations. The peak-to-peak amplitude decays roughly 
exponentially with distance. While the accuracy of 
measurements does not allow the determination of 
detailed shapes for individual oscillations, they do not 
appear to be sinusoidal. The period of oscillations is 
increased slightly beyond the first few layers. In all cases 
the oscillating force is centred about a monotonic 
attraction which extends beyond the range of the 
oscillations. This monotonic tail still differs from forces 
calculated on the basis of Van der Waals force theories. 
The «-alkanes [9, 10] from hexane to hexadecane show 
a similar behaviour with 4-5 measurable oscillations, 
although the periodicity of oscillations is roughly equal 
to the width of the alkane chain rather than the mean or 
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extended length. For branched saturated alkane liquids 
between mica surfaces, the force-distance profile is 
different [ff]. Low branched alkanes still demonstrate 
a short ranged oscillatory regime (two oscillations for 
2-methyloktane); however long branched alkanes, like 
2-methylundecane and 2-methyloktadecane, exhibit a 
monotonic attraction that is even greater than could be 
calculated from Lifshitz theory. 

The presence of a dipole moment has only a minor 
effect on the strength of solvation interactions. For 
dipolar liquids, like propylene carbonate [12], acetone 
[13], methanol and ethylene glycol [14], the range of 
oscillations is slightly shorter than, for example, for 
OMCTS. The periodicity is close to the mean molecular 
diameter. 

The experimental data for liquid crystals [15] indi- 
cates force-distance curve oscillations for up to six 
molecular layers in both homeotropic and planar 
orientations. The peak-to-peak amplitude decays expo- 
nentially with a decay length close to the layer spacing. 
For planar orientations the period of oscillations was 
found to vary with film thickness. 

Water and aqueous electrolyte solution films [16-22] 
at separations less than 2 nm also show oscillations 
centred about a monotonic interaction. The magnitude 
and sign of the oscillations are determined by ion type, 
adsorbed density and the degree of hydrophilicity of 
the solid interfaces confining the film. The period of 
oscillations is close to the mean diameter of a water 
molecule. 

Not only the wettability by liquid but also the state of 
solid-liquid interface itself are important for oscillations. 
The character of packing in the covering monolayers 
may dramatically change the force law. Although 
densely packed monolayers give oscillatory forces, more 
loosely packed monolayers often demonstrate a mono- 
tonic force that is inconsistent with van der Waals forces 
[15, 19, 23]. Even a slight roughness tends to smear 
oscillations out. 



Phonon mechanism and origin of soivation forces 

A number of theoretical discussions using models and 
approximations of varying sophistication [24-28], as 
well as molecular dynamic and Monte Carlo simulations 
[29-31], have been applied to describe short-range 
forces. All the results indicate oscillations of liquid 
density across film thickness, decaying to its middle, and 
associated oscillations of film energy and disjoining 
pressure with film thickness. The fact that the hard 
sphere and Lennard-Jones models both predict similar 
forces indicates that the excluded-volume effect contrib- 
utes significantly to the observed forces. However, all the 
above-mentioned approaches treat solvent molecules as 
structureless. 



The molecular structure of liquids provides an 
alternative approach to solvation forces, based on the 
examination of dynamic structures in liquid films. Such 
films are constituted from molecules of liquid which 
interact through particular links with neighbouring 
molecules (hydrogen bonds, dipole-dipole interactions, 
etc.). A film can be represented as a set of interacting 
oscillators of different types, which is characterised by its 
dynamic matrix and its eigenfrequencies. These frequen- 
cies are now the frequencies of collective vibrations 
(phonons) for the ensemble of oscillators. Due to the 
thermal motion of liquids each set of oscillators, 
characterised by a definite arrangement of molecules, 
exists for a restricted time. Hence, the dynamic matrix of 
a film changes with time, and one can talk only about 
the probability of realisation for any collective vibration. 
As we have shown earlier [32], such probabilities 
increase exponentially with decreasing film thickness. 
Consequently, the vibration motions spectra for thin 
films deviate from those for bulk liquid, leading to excess 
Helmholtz free energy, F^, associated with collective 
vibrations in thin films: 

[ kT In Zsj{m) qx^{—H / L si{m))d(o 

sh{tu,i%lkT) ^ ” 

POO 

= Kye\p{-H/Lsj{o}))do) (1) 

sj -Jo 

where Zy{co) is the density of vibrational states for the 
/th oscillator on the j-branch of the dispersion curve; 
co^j is the eigenfrequency of the corresponding vibration 
in bulk liquid; H, k, T are the Plank constant, the 
Boltzmann constant and absolute temperature, respec- 
tively; Lyim) is the free path length of an 57-type 
phonon with frequency ct». For linear waves, Ly{m) can 
be determined by solving the transcendent equation; 

Ly{oi) = Vy{m) To ^ dzp{z) exp (2) 

Here the coordinate axis z is introduced along the 
direction of phonon propagation, p(z) is the linear 
density of the oscillators; tq is the time between the 
thermal jumps in bulk liquid, U(z) is the interaction 
energy of the oscillator with phases confining the film, 
i>sj(co) is the group velocity of the 5/th mode. 

Supposing the phonons described in Eq.(l) do not 
interact with each other, we can also derive the equation 
for disjoining pressure, H(iT), in the film [32]: 

. ^ /■“ r dA,/ K,,H dL,:(ij]) K,: 

X /Lsj{m))do3 (3) 
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Analysis of Eqs. (1) and (3) shows that the total excess 
free energy, as well as the disjoining pressure, are 
constituted from the sum of the contributions made by 
different types of phonons. These contributions explic- 
itly contain a strong exponential dependence upon 
thickness and implicitly contain the dependence of the 
phonon free path length L, phonon frequencies and the 
density of vibrational states upon thickness. The three 
terms in brackets in Eq. (3) reflect three different regimes 
on the disjoining pressure-distance curve. The final term 
plays the dominant role for films that are thick enough 
when values of L and K become almost independent 
of thickness. It is obvious that this term provides an 
exponential decaying of disjoining pressure. The two 
other terms play a major role at lower thicknesses where 
the discreteness of the liquid structure has to be taken 
into account. This discreteness leads to a nonuniform 
distribution of molecules across the interlayer, due to 
both the exclusion volume effect and the interaction 
of liquid with the interfaces confining the film. The 
exclusion volume effect causes oscillations of local 
density inside the film, varying with film thickness. The 
corresponding oscillations of force constants in the 
dynamic matrix lead, in turn, to oscillations of both 
density of vibrational states, Z{m) and the free path 
length, L{m), and, as a result, to oscillations of excess 
free energy and disjoining pressure in the film. 

In order to perform calculations based on Eqs. (1) 
and (3) we need to know the dispersion law for the 
collective acoustic excitations in the thin-film system 
studied. Unfortunately, at present no experimental data 
on the energy spectra of phonons in thin liquid 
interlayers are available from the literature. In addition, 
there are no theories that would allow us to calculate the 
dispersion law for acoustic excitations in a disordered 
liquid medium. Therefore, the use of our theory requires 
model calculations. 

The results presented below have been obtained by 
numeric calculations using the model of coupled oscil- 
lators, described in detail earlier [33]. To introduce some 
disorder into the liquid we have characterised the model 
medium using a set of dispersion equations of the same 
type, but with different parameters, such as varying force 
constants and lattice periods. 

To reproduce some of the experimental data, we have 
chosen parameters appropriate to each system. In Fig. 1, 
the results of calculations of excess free energy versus 
film thickness for OMCTS with the lattice period 
J = 8.1 are presented. One can see that model calcula- 
tions reproduce the following features observed exper- 
imentally well [1, 8, 14]; 

1. The peak-to-peak amplitude decays roughly expo- 
nentially with distance, following Eq. (1); it is 
interesting to note that with the chosen lattice period 
d = 8.1 [28] we have obtained a decay length of 




Fig. 1 The results of model calculations of excess free energy as a 
function of film thickness, with the lattice period d = 0.81 ± 
0.05 nm and do = 0.754. The inset graph shows the peak-to-peak 
amplitude of the oscillations as a function of film thickness {H). The 
exponential decay length is 1.13 nm 



1.13 nm (inset in Fig. 1), close to the experimental 
value. 

2. The oscillations are not sinusoidal and become 
“softer” at larger separations; this softening reflects 
the increasing dynamic disorder with increasing film 
thickness. 

3. The peak-to-peak distance correlates with the lattice 
period and increases slightly with film thickness. 

4. The oscillating force is centred about a monotonic 
attraction; this monotonic tail is provided by the last 
term in Eq. (3). This tail can be either attractive or 
repulsive in different systems, in accordance with 
many other experimental observations [1 1-13, 16-19]. 

The model calculations also enabled us to understand 
the significant deviations in shape of the solvation forces 
curve with different mica samples, although the liquid 
remained constant [1, 8]. Modification of the solvation 
force was also observed experimentally for the nematic 
liquid crystal 5CB between mica surfaces covered 
by adsorbed hexadecyl-trimethyl-ammonium bromide 
(HTAB) monolayers with different packing densities 
[15]. The set of phonon frequencies allowed is substan- 
tially dependent on the boundary conditions, namely on 
the minimum distance to the surface, dg, accessible for 
the oscillator. This is illustrated in Fig. 2, where the 
solvation force curves were calculated using the same 
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Fig. 2a, b The results of model calculations of excess free energy as 
a function of film thickness, with the lattice period = 0.81 ± 
0.05 nm. a = 0.5d b <5o = 0.7d 



parameters as in Fig. 1, except that = 0.5d (Fig. 2a) 
and ^0 = 0.7d (Fig. 2b). One can see that the free energy 
curve is significantly modified by a slight change of 
0.16 nm in accessible distance. In real systems this 
distance is affected by solid-liquid interactions, the state 
of the solid itself, surface micro- and macro-roughness 
etc. Therefore the suggestions made by authors of these 
experimental works, that sample-to-sample deviations in 
the solvation curve are related not to experimental errors 
but to changes in the state of the mica surface [1, 8] or to 
induced roughness [15], appear to be consistent with the 
phonon mechanism of solvation forces. 
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Abstract The dissolution of surface- 
active agents in water usually results 
in significant heat capacity change, 
ArCp, which is due to water struc- 
turing around the nonpolar “tails”. 
For most surfactants, A^Cp is pro- 
portional to the chain length. The 
heat of dissolution of various salts of 
anionic surfactants was measured 
using a reaction calorimeter. The 
heat capacity change was evaluated 
from the temperature dependence of 
the enthalpy. The effect of cations on 
the AfCp of dissolution of fatty and 



sulphonic acid salts was investigated. 
All the examined surfactants showed 
a similar effect; however, the value 
of AfCp was found to be unusually 
high for copper dodecyl and tetra- 
decyl sulphonates, and this was 
explained in terms of solid-phase 
hydration. 
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Introduction 

Dissolution of surface-active agents in water usually 
results in anomalous thermodynamic properties, such as 
the temperature dependence of the enthalpy and the 
entropy of dissolution. Both effects are due to a significant 
heat capacity change. This phenomenon is common for all 
nonpolar solute molecules. The reason for such behaviour 
is the special character of water as a solvent. It is thought 
that tetrahedrally coordinated hydrogen bonds of water 
molecules cause the ordering around the solute molecules, 
forming so-called icebergs thus increasing the heat 
capacity of the system [1-7]. The heat capacity change 
was found to be proportional to the number of carbon 
atoms in the hydrophobic chain [8-11], except for the 
chains containing more than 12 carbon atoms. For longer 
chains, an unexpectedly high value of the heat capacity 
change was observed [12, 13]. The aim of this work is to 
examine the effect of cations on the properties of anionic 
surfactant solutions. For this purpose, the temperature 
dependence of the enthalpy of precipitation of several 
copper (II) anionic surfactant salts was compared with the 
corresponding calcium (II) salts. 



Experimental 

All solutions were prepared from analytically pure chemicals using 
doubly distilled water. Potassium laurate was prepared by neutral- 
ization of lauric acid (Fluka, Germany). 

Sodium dodecyl and tetradecyl sulphonate were kindly supplied 
by Y. Moroi (Kyushu University, Fukuoka, Japan). 

The heats of precipitation of different surfactant salts were 
obtained using the isoperibol reaction calorimeter constructed by 
Simeon et al [14]. The experiments were performed so that about 
1 ml copper or calcium nitrate solution was added to 75 ml sodium 
or potassium salt of the anionic surfactant. The (molar) enthalpies 
of dissolution were obtained by dividing the measured heats, 
associated with precipitation (reverse sign), by the extent of 
precipitation calculated from the amounts of reactants, taking into 
account the equilibrium constants of dissolution. 



Results 

The effect of temperature on the enthalpy of dissolution of 
different copper and calcium anionic surfactant salts is 
displayed in Figs. 1 and 2. In all cases, the enthalpy was 
found to be a linear function of temperature, with the 
slope equal to the heat capacity change, A^Cp, according to 
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Fig. 1 Temperature dependence of dissolution enthalpy of copper 
dodecyl sulphonate (Cu-DDS) (O) and copper tetradecyl sulphonate 
(Cu-TDS) (A), as well as of calcium dodecyl sulphonate (Ca-DDS) 
(•). From the slope, A^Cp /kj moP’ K“' = 6.9 (Cu-DDS); 6.5 
(Cu-TDS); 1.1 (Ca-DDS) 




Fig. 2 Temperature dependence of the dissolution enthalpy of copper 
laurate (O). From the slope, ArC^/kJ moP' K“’ = 1.0 



+ \Cp{T - To) , ( 1 ) 

where A^H°(T) and Aj-H°(To) are dissolution enthalpies 
at temperature T and at the reference temperature Tq 
(298.15 K), respectively. 

For a given temperature, the change in standard 
entropy of dissolution was calculated from the published 
data on the “solubility product” K° [15] and measured 
values of the enthalpy change (presented in Fig. 1). In 
doing so, the following expression was used 

-\nK° ^ A,G° ^ A,H° - TAX ■ (2) 

The temperature dependence of the standard entropy of 
dissolution of copper dodecyl and tetradecyl sulpho- 
nates is presented in Fig. 3. The heat capacity change 
was evaluated from the slope according to 




In (r/To) 



Fig. 3 Temperature dependence of the standard dissolution 
entropy of Cu-DDS (O) and Cu-TDS (•). From the slope, 

A,Cp /kJ moP' K^' = 6.9 (Cu-DDS); 6.1 (Cu-TDS) 




Fig. 4 Heat capacity change of dissolution of different surfactants as 
a function of the number of carbon atoms in the chain. The results 
are expressed per mol of surfactant chain. Carboxylic acids (x) [8]; 
laurates: silver (♦) [11], copper (O), calcium (A), barium (o) [10]; 
miristynates: calcium (A), barium (o) [13]; palmitates: calcium (A), 
barium (o) [13]; sulphonates: sodium decyl (O), calcium dodecyl (•); 
copper dodecyl (O), copper tetradecyl (•); barium dodecyl sulphate 
( + ) [9]; hexadecansulphonic acid (□) [12] 



AX{T) = ^X{To) + ^CpHT/To) . (3) 

As expected, the values obtained from the enthalpy and 
entropy data were in agreement. Equations (1) and (3) 
are based on the assumption that the heat capacity 
change is independent of temperature. This approxima- 
tion is verified by the linearity of the functions as 
demonstrated in Figs. 1-3. A summary of the results of 
the heat capacity change for substances examined in this 
study as well as some other data taken from the 
literature [8-13] is displayed in Fig. 4. For better 
comparison, in this presentation the A^Cp values were 
expressed per mol of surfactant. 
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Discussion 

For dissolution of numerous salts of carboxylic and 
sulphonic acids in water a linear relationship of 
versus number of carbon atoms was obtained; however, 
an unusually high A^Cp was found for copper (II) 
dodecyl and tetradecyl sulphonates. This finding may be 
analysed by considering either the properties of the 
solution or the structure of the solid phase. Separate 
experiments show that both copper and sulphonate ions 
exhibit regular behaviour, so it may be concluded that 
the solid phase is responsible for the observed effect. It 
should be noted that the A^Cp value is the difference 
between partial molar heat capacities of products and 
reactants, and does not represent the properties of 
dissolved surfactant chains only. Molar heat capacities 
of solids do not differ markedly for surfactants of similar 
structure and the approximate linearity in the presenta- 
tion AfCp versus number of carbon atoms may still be 
expected. In the case of copper (II) dodecyl and 
tetradecyl sulphonates the correction for the heat 
capacity of the solid would not reduce A^Cp, since the 
heat capacity of the solid cannot be negative. In order to 



understand the observed phenomena the results of 
Moroi et al. [15] on the temperature dependence of the 
solubility of these salts were considered. They showed 
that the logarithm of the solubility versus the reciprocal 
thermodynamic temperature is approximately linear. 
According to the analysis presented in Ref. [16] such a 
finding suggests that the heat capacity change in the 
course of dissolution cannot be unusually high, which 
apparently contradicts the finding of this study. In 
analysing the problem, the direction of the process needs 
to be taken into account, since precipitation may result 
in different solid structures. The experiments presented 
in this work were performed in such a way that the heat 
of precipitation (but not of dissolution) was measured. 
The reason for such an experimental design is the low 
solubility of the surfactant salts so that by a dissolution 
experiment one cannot achieve an appreciable extent of 
the reaction. According to the above analysis, it may be 
concluded that various structures of the solid phase were 
formed at different temperatures. Probably, these struc- 
tures are different with respect to hydration, which 
should be examined by other methods. 
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Abstract We have used a combi- 
nation of optical spectroscopy, flu- 
orescence, isothermal titration 
calorimetry, surfactant-selective 
electrode techniques, high-resolu- 
tion ultrasonic velocity and density 
measurements to study the binding 
of the cationic surfactant do- 
decyltrimethylammonium bromide 
to short fragments, 200 base pairs, 
of DNA in dilute solutions at 
1 mM NaCl concentration. At the 
first stage the surfactant forms 
small aggregates on the DNA sur- 
face. This binding is accompanied 
by a significant change in the 



DNA secondary structure. At the 
second stage, we observed the for- 
mation of large aggregates of sur- 
factant on the DNA surface. 
Migration of the fluorescence probe 
into the hydrophobic core of these 
aggregates was detected at the sec- 
ond stage. The compressibility of 
these aggregates is close to the 
compressibility of micelles of the 
same surfactant. 

Key words DNA - Surfactant com- 
plex - Compressibility - Surfactant 
selective electrode - Binding 
isotherm 



Introduction 

The interactions between polyelectrolytes and charged 
surfactants has received a lot of attention in the last few 
years because of their growing importance in techno- 
logical and biological applications. [1-3]. Previous 
extensive studies of the complex formation between 
cationic surfactants and anionic polymers demonstrated 
co-operative binding resulting in the formation of 
micelle-like aggregates of surfactants bound to polyelec- 
trolyte molecules [4, 5]. This process is driven by 
electrostatic interactions between the surfactant and 
the polyelectrolyte, resulting in counterion release from 
the ionic atmosphere of the polyelectrolyte, and hydro- 
phobic interactions between the nonpolar tails of the 
surfactants. Other factors such as polymer conformation 
and stiffness of the polymer are important in determin- 
ing the binding process and the resulting structure 
formation of the complexes [6-10]. The reduction of co- 
operative binding was reported when the persistence 
length of the macromolecule was increased [6, 7]. 



Binding of cationic surfactants to DNA plays an 
important role in the construction of gene delivery 
systems [2, 3]. This molecule has a unique structure 
compared to other polymers. In solutions with low 
ionic strength, DNA is essentially a rod-like negatively 
charged polymer with a high linear charge density and 
a persistence length of more than 50 nm [11], and 
therefore cannot be easily wrapped around a micelle 
compared to other polymers. Despite the rigidity of the 
DNA molecule, cationic surfactants bind with DNA in 
dilute solutions co-operatively as in the case of the 
binding of surfactants to flexible polymers [12-15]. 
Previously we have found that the compressibility effect 
of the binding of the surfactant to DNA is similar to the 
compressibility change in the micelle formation of the 
same surfactant [16]. This fact was interpreted as the 
formation of micelle-like aggregates of surfactant mol- 
ecules on the DNA surface, which have a highly 
compressible internal hydrophobic core. 

A complete understanding of the binding of cationic 
surfactants with DNA requires thermodynamic and 
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Structural information on the complex formed. In the 
present work we have extended the analysis of the binding 
of the cationic surfactant dodecyltrimethylammonium 
bromide with short fragments of DNA using a combina- 
tion of spectroscopic and thermodynamic methods. Using 
a fluorescence probe, we detected the existence of 
hydrophobic regions on the DNA surface. In addition, 
UV absorption measurements have been applied to 
evaluate any conformational rearrangement of DNA on 
the binding of the surfactant. We used isothermal titration 
calorimetry to measure the enthalpy of binding of the 
surfactant to DNA. With a new experimental setup for 
high-resolution ultrasonic measurements we determined 
the differential curve of compressibility changes in the 
surfactant-to-DNA binding. A detailed comparison of 
the differential ultrasonic, fluorescence, calorimetric and 
surfactant-selective electrode titration curves was made. 
This method of presentation provided us with direct 
information on the effects of the binding at different 
relative concentrations of surfactant to DNA. Such 
analysis however, requires high-precision measurements, 
which have been achieved with our computer-controlled 
automated titration system. All our measurements were 
performed in dilute solutions at concentrations of sur- 
factant far below the critical micelle concentration (CMC) 
to exclude the presence of free micelles in solution. 



Experimental 

Materials 

The samples of dodecyltrimethylammonium bromide (Lancaster 
Synthesis, UK) were recrystallised twice from acetone. They were 
dried in a vacuum oven at 333 K for 48 h before use. All solutions 
were prepared by weight using degassed water obtained from a 
Millipore Super-Q system. Calf thymus DNA from Sigma was used 
in the current work. Additional purification of the DNA was made 
using the standard phenol-ethanol extraction procedure. The 
samples of short fragments of DNA were obtained as described 
previously [15, 16]. The sonication of the DNA solutions after 
purification, at a concentration of 2 mg cm“^, in 50 mM sodium 
citrate buffer, 5 mM EDTA, and at pH 7.5 was made using a VC 
50 ultrasonic processor (Sonics & Materials) at low intensity. The 
sonicated solution of DNA was separated into fractions by size- 
exclusion chromatography using a 500 x 1 5 mm glass column filled 
with Sephacryl S-400 HR gel (Sigma). The middle DNA fraction 
(molecular weight = 220 ± 70 base pairs as determined by 
capillary gel electrophoresis using 3% w/w linear polyacrylamide 
gel [17]) was used for the experiments reported here. All experi- 
ments were made at 298.15 K using 0.5 mM HEPES buffer, 1 mM 
NaCl, 0.02 mM EDTA, pH 7.5 at the same concentration of 
DNA, 0.3 mM in phosphates. The concentration of DNA was 
determined by measurements of UV absorbance using the molar 
extinction coefficient £260 = 6.6 x 10^ M“' cm“'. 



Methods 

Ultrasonic velocity and density measurements 

Ultrasonic velocity and absorption measurements were made at 
7.5 MHz using the resonator technique [18]. Ultrasonic resonator 



cells with a sample volume of 0.9 cm^ were thermostated at 
298.15 K with a temperature stability of 0.01 K. The new 
PC-controlled USAT 70162 dual channel frequency synthesiser 
precision vector analyser developed by one of us (V.B.) was used to 
measure the resonance characteristics of the cells. The reproduc- 
ibility of the relative measurements of ultrasound velocity was 
better than ± 10“^%. 

The main experimental observable in ultrasonic measurements 
is the concentration increment of ultrasonic velocity. A, which is 
determined by the relation A 

A = {u- Uo)/{UoCPa) , 

where u and Uo are the ultrasonic velocities in the solution and pure 
buffer, respectively, c is the concentration of the solute in mol per 
gram, and is the density of buffer at 298.15 K in grams per cubic 
centimetre. 

The solution densities were measured using a differential 
vibrating tube densiometer (DMA-602, Anton Paar, Austria). 
The resolution of the density measurements, including the repro- 
ducibility of refilling the cell, was ±1.5 x 10^"'%. The apparent 
molar volumes, V^, were calculated from the following well-known 
equation: 

U =^/p- (p-Po)/(PoPc) , 

where p is the density of the solution and M is the average 
molecular weight of the nucleotide. 

The values of the apparent molar adiabatic compressibilities of 
the surfactant and the DNA solutions, Ks^, and their changes due 
to binding of the surfactant with DNA, were determined from 
corresponding experimental values of the concentration increment 
of ultrasonic velocity. A, and the values of apparent molar volume 
(U)) as follows [19]: 

(Ks^)s = 2ho{V^-A-M/2p,) , 

where ji^o is the coefficient of adiabatic compressibility of the 
buffer. 



Isothermal titration calorimetry 

We used the Omega titration calorimeter (Microcal) equipped with 
a 1.4-ml reaction cell. In the calorimetry experiment, we measured 
directly the enthalpy associated with the binding of surfactant with 
DNA. All solutions were carefully degassed before the titrations. 
The concentrated surfactant solution was added into the DNA 
solution using a 100 /rl syringe. An injection schedule (number of 
injections, volume of injections and time between injections) was 
set up using interactive computer software. The heat of dilution of 
the injectant, which was measured by injecting the surfactant 
solution into the buffer, was subtracted from the heat of each 
injection. 

Fluorescence measurements 

A-Phenyl-l-naphthylamine (Molecular Probe) was used as a 
hydrophobic fluorescent probe at a concentration of 0.4 pM. The 
fluorescence excitation and emission spectra of the probe were 
taken on a Perkin Elmer LS50B spectrofluorometer. The excitation 
wavelength was 340 nm. The fluorescent intensity of our probe is 
sensitive to a nonpolar environment [20, 21]. We have found a 
significant increase, approximately 20-fold, in the relative fluores- 
cence of the probe when it migrates into the internal core of 
micelles. The emission intensity of the probe in DNA solutions 
(approximate volume 2.4 cm^) in the presence of different concen- 
trations of surfactant was analysed at the apparent maximum of 
the emission peak (about 430 nm). We observed no increase in the 
fluorescence intensity of the probe in solution with DNA alone. 
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Surfactant-selective electrodes 

The concentration of free surfactant in surfactant-DNA solutions 
was measured by a surfactant-selective solid membrane electrode as 
described elsewhere [12-15]. The electromotive force (emf) of the 
cell was measured using an Orion 710 A digital millivoltmeter with 
a precision of ±0.1 mV. In the case of the DNA-free solution 
(calibration curve) a Nerstian response of the emf dependence as 
a function of the concentration of surfactant was obtained for 
concentrations ranging from 10^® M up to the CMC of free 
surfactant. The concentration of surfactant bound to DNA was 
obtained as the difference between the total concentration of 
surfactants and free-surfactant concentration, where the corre- 
sponding calibration curve was used to determine the free- 
surfactant concentration. The shift of the calibration curve over 
24 h was not more than 0.4 mV. The initial sample volume of DNA 
was approximately 3 cm^. 



UV spectroscopy measurements 

The UV/vis spectroscopic titrations of DNA solutions by the 
surfactant were performed in a 1-cm pathlength cell on a Lamda 40 
UV/vis spectrophotometer in the wavelength range 200-600 nm. 
The changes in the maximum UV absorbance of DNA were also 
analysed as a function of the surfactant/phosphate ratio. The 
corresponding correction for the dilution of DNA upon titration 
has been made. No absorbance was detected in the wavelength 
range 350-600 nm in the region of binding indicating the absence 
of any aggregation. 



Titration procedure and differential titration curves 

All titrations (except isothermal titration calorimetry measure- 
ments, which have already been described) were performed 
automatically by stepwise injections of small volumes (2-10 jA) of 
surfactant solutions into a solution of DNA under constant stirring 
through small holes in the lids of cells by using a Hamilton 
Microlab 500 dispenser controlled by a PC. The kinetics of the 
changes of all experimental parameters after each injection was 
monitored to ensure that equilibrium was reached. Independent 
titrations of the surfactant into buffer solution were performed 
using the same procedure and were subtracted from the experi- 
mental values for the injection of surfactant into the DNA solution. 
The dilution of DNA in the course of the titration was 2-4%. In 
order to carry out a comparative analysis, we calculated the 
differential titration curves. The derivation of the experimental 
binding degree and the fluorescence intensity versus the surfactant/ 
phosphate ratio (total surfactant per phosphate) were made to yield 
the differential binding degree and fluorescence curves, respectively. 
Similarly, the differential values of the adiabatic compressibility 
were calculated by taking the derivation of the value of apparent 
molar adiabatic compressibility of DNA per surfactant/phosphate 
ratio. The UV titration curve at 260 nm was plotted without taking 
its derivative. We found that the volume effect of the binding of 
surfactant to DNA is small, and the differential binding curve could 
not be evaluated within the limits of experimental resolution. The 
total measured volume effect of the binding of surfactant to DNA 
at the saturation level is 10 cm^ moU*. 



Results and discussion 

Two stages of binding of surfactant to DNA 

A plot of the amount of surfactant bound to DNA per 
phosphate molecule (binding degree) versus the relative 



concentrations of surfactant to DNA in solution is 
shown in Fig. 1. The curve clearly exhibits the co- 
operative nature of the binding of surfactant to DNA 
[12-15]. The binding degree increases dramatically in the 
range of the surfactant/phosphate ratio between 0.8 and 
2 followed by some small additional binding at a ratio 
above 2. At a surfactant/phosphate ratio of more than 5, 
aggregation and precipitation of the DNA-surfactant 
complexes were observed by monitoring the significant 
increase in the optical density of the solution in the 
range 350-600 nm. 

The differential binding isotherm together with other 
differential titration curves are given in Fig. 2. Two 
distinct stages are clearly seen on the differential binding 
isotherm which can be interpreted as a hrst co-operative 
binding stage (0 < surfactant/phosphate <0.6) followed 
by a second highly co-operative binding stage (0.8 < sur- 
factant/phosphate < 1.7). The dependencies of the differ- 
ential changes of compressibility, enthalpy and binding 
degree at the second stage are similar (Fig. 2a). Good 
agreement between the positions of all the peaks are 
observed. The curves showing the fluorescence and UV 
absorption changes at 260 nm are significantly different 
for both stages (Fig. 2b). Using the binding isotherm, 
we were able to calculate the enthalpy of binding and 
compressibility effect per mol of surfactant bound at 
both stages. These values are given in Table 1, where the 
changes in the relative fluorescence intensity and in 
the absorbance of DNA at 260 nm are also shown. 

First stage of binding 

The change in the binding degree at the first stage is 
considerably less compared to that at the second stage 
(Fig. 2). The positive compressibility effect, which is 
close to half of that for the formation of free micelles. 




Fig. f The dependence of binding degree of dodecyltrimethyl- 
ammonium bromide to DNA on the surfactant-to-phosphate ratio 
in an aqueous solution of 1 mM NaCl, 0.5 mM HEPES, 0.02 mM 
EDTA, pH 7.5 at 298.15 K. The concentration of DNA was 0.3 mM 
per phosphate 
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Fig. 2a, b The titration curves of surfactant binding with DNA 
(0.3 mM) in 1 mM NaCl, 0.5 mM HEPES, 0.02 mM EDTA, pH 7.5 
at 298.15 K a The heat of injection and compressibility effect of 
injection per mol of surfactant added and b the effect of injection on 
the fluorescence intensity of the probe (per fiM of the probe) per mol 
of surfactant added and the total changes in absorbance at 260 nm. 
For all curves, the effect of injection of the surfactant into the buffer 
was subtracted. The dashed line represents the differential changes of 
the binding degree 



Table 1 Comparison of the effects at the first and second stages of 
binding 



Experimental 

values 


First stage 
0 < R < 0.6“ 


Second stage 
0.6 < R < 1.8 


Reference 
values for 
micelle 
formation 


ah'= 


8.5 


9.6 


-0.3” 




60 


150 


128” 


Binding Degree’ 


0.15 


0.75 




Fluorescence® 


0 


560 


550 


AAbs(260), OD'’ 


0.12 


0 





“7? is the surfactant/phosphate ratio 

’’ Given in kJ per mol of the surfactant bound 

‘^Ref. [22] 

Given in cm^ moP’ GPa^' per mol of surfactant bound 
" Ref. [23] 

*^At the maximal value 

Given in relative units of fluorescence intensity per fiM of 
A-phenyl- 1 -naphthy lamine 
'’Measured in 1-cm pathlength cell 



in the DNA secondary structure upon binding of the 
surfactant to DNA at the first stage. 

The obtained value of the enthalpy of binding at the 
first stage is 8 kJ per mol of surfacant bound. The 
observed conformational change of DNA in the binding 
must cost extra energy contributing to this value of the 
enthalpy of binding. This value is about half the enthalpy 
required for the complete disruption of a base pair, 
16.7 kJ moP* [25]. The positive value of the enthalpy of 
binding at the first stage suggests that the binding is 
entropy driven and that the entropy increases upon the 
binding. Counterion release and release of water from the 
hydration shell of surfacant upon the formation of 
surfactant aggregates could be responsible for that. 



may suggest the presence of some surfactant complexes 
on the DNA surface (Table 1). The fluorescence inten- 
sity of our probe does not change significantly com- 
pared to the intensity of the probe in surfactant-free 
solutions. This indicates that the average size of the 
surfactant aggregates is too small to form a hydrophobic 
core, which can accommodate our fluorescence probe. 
This corresponds to the observed compressibility effect. 

The increase in the absorption of DNA at 260 nm, 
at the first stage, indicates the distortion of stacking 
interactions between nucleic acid base pairs. Different 
kinds of conformational rearrangements can cause the 
observed effect. As an example we can suggest the 
bending of DNA upon binding. The local bending of 
DNA, resulting from a nonsymmetrical phosphate 
neutralisation was previously demonstrated [24]. The 
change in the value of the UV absorption is about 20% 
of the total hyperchromic effect for our DNA in 
the complete unstacking of the DNA helix at high 
temperatures. This result indicates a significant change 



Second stage of binding 

The compressibility effect at the second stage of binding 
is f50 cm^ moP* GPa~* per mol of surfactant bound 
which is close to that for the micelle formation of the 
free surfactant (Table 1). This can be explained by the 
formation of a surfactant structure with a highly 
compressible internal core on the DNA surface [16, 
23]. The high co-operativity of binding at the second 
stage must therefore correspond to the formation of 
micelle-like aggregates of the surfactant on the DNA 
molecule. This conclusion is supported by the analysis 
of the changes in the fluorescence intensity of our probe 
at a surfactant/phosphate ratio between 0.4 and 1.5. 
The magnitude of the increase in relative fluorescence is 
equal to as that determined for the migration of the 
probe into free micelles of the surfactant. This also 
indicates the similarity in the structure of the internal 
core of surfactant aggregates bound to DNA and free 
micelles of the surfactant. 
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A plateau in the changes of UV absorbance of DNA 
is reached at a surfactant/phosphate ratio of about 0.9, 
indicating some stabilisation of the DNA conformation 
after its previous disruption during the first stage of 
binding. This plateau corresponds to the peak in the 
changes of the fluorescence intensity of our probe, which 
indicates that the size of the surfactant aggregates and 
their number are large enough for all the probe 
molecules to migrate into their hydrophobic internal 
core. At the same surfactant/phosphate ratio a sig- 
nificant increase in the differential compressibility and 
the differential binding degree curves are observed 
resulting from co-operative formation of large surfac- 
tant aggregates. Surprisingly, formation of these aggre- 
gates does not lead to further rearrangements in the 
DNA structure. We can suggest that the transformation 
of the structure of the surfactant aggregates at the 
second stage is analogous to the micellar transitions of 
compact spherical micelles into large ellipsoidal micelles 
observed at high ionic strength of high micellar fraction 
of the surfactant in solution [26]. The conformational 
changes in the DNA accumulated at the first stage allow 
the formation of these aggregates at the second stage 
without further rearrangements in the DNA structure. 
The enthalpy change at the second stage of binding is 
about the same as at the first stage; however, this 
enthalpy change can be attributed to other processes 
including hydration changes and the rearrangement of 
the surfactant aggregates on the surface of DNA. 



Conclusion 

Our study of complex formation between dodecyl- 
trimethylammonium bromide and DNA demonstrates 
at least two stages of binding. At the first stage we 
observed the formation of small aggregates of surfactant 
on the DNA surface. This binding is accompanied by a 
change in the secondary structure of the DNA double 
helix, which optimises both electrostatic interactions 
between positively charged surfactant head groups and 
negatively charged phosphate groups of DNA and the 
hydrophobic interactions between nonpolar tails of the 
surfactant; however, additional work should be carried 
out in order to clarify the details of these conformational 
changes and the factors governing these processes. At 
the second stage, we observed the formation of large 
aggregates of surfactant on the DNA surface. Migration 
of the fluorescence probe into the hydrophobic core of 
these aggregates was detected at the second stage. 
Compressibility of these aggregates is close to the 
compressibility of micelles of the same surfactant. 
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Abstract Surface charge and point 
of zero charge (PZC) in an aqueous 
silica-hematite mixed system were 
determined as a function of pH and 
of mixture composition by “mass 
titration” and acid-base titration of 
the suspension. The experiments 
showed that charging was indepen- 
dent, i.e. the overall surface charge 
was approximately equal to the sum 
of the surface charges of each oxide. 
The PZC of metal oxide mixtures 
corresponds to the pH where the net 
(overall) surface charge is zero, while 
one oxide bears a positive and the 



other a negative charge. The PZC of 
mixed oxides was found to lie be- 
tween the PZC of pure oxides, 
depending on specific surface area, 
mass fraction and the PZC of each 
oxide in the mixture. It is shown that 
“mass titration” could be used as a 
method for determination of the 
PZC and surface charge of pure 
oxides and that it also may be 
applied to their mixtures. 

Key words Mixed oxides - Point of 
zero charge - Surface charge - 
Mass titration 



Introduction 

Several publications deal with the charging of mixed 
oxide suspensions [1-7]. It has been shown that compo- 
nents are charged independently and so the overall 
charge is the sum of the charges of the components [6]. 
Also, the overall point of zero charge (PZC) was found 
between the values characterizing the components but 
was dependent on their fractions in the mixture. The aim 
of this article is to examine the applicability of the 
“mass-titration” method [8-10] to mixed-oxide disper- 
sions. 



Theoretical 

According to the assumption of independent charging 
the overall (total) charge (0 of colloidal particles is the 
sum of all contributions. For the mixture of silica (s) and 
hematite (h) examined 

0 = a + 0h (1) 



The overall surface charge density (cr) is related to the 
fraction of the surface areas (/) of each component by 

=/sffs TAffh =/sffs + (1 -/s)o-h (2) 

where / is proportional to the mass fraction (w) and 
specific surface area (x) of a component 

A - (3) 

ShWh + SsWs 

In an aqueous dispersion of a metal oxide, protona- 
tion (p) and deprotonation (d) of amphoteric surface - 
OH groups take place [11]. In the mixture of hematite 
and silica particles, the following reactions are respon- 
sible for surface charging 



= FeOH + H+ ^ = FeOH+; A<^p,h 


(4) 


EE FeOH ^ = FeO + H+; A^d,h 


(5) 


EE SiOH + H+ ^ EE SiOH+; A(^p s 


(6) 


= SiOH ^ EE SiO^ + H+A<^d.s 


(V) 
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The extent (^) of each reaction depends on pH and the 
corresponding equilibrium constant. In addition to 
surface reactions, the water dissociation equilibrium 
influences consumption of or OH“ ions in the bulk 
of the solution 

0H- + H+->H20;A<^„ (8) 

Accordingly, the change in the number of H ^ ions in the 
bulk of the solution is given by 

A«(H+) = -A^p,h + A<^d.h - A<^p,s + A<^d.s - A^n (9) 

while the change in the number of OH“ ions depends on 
the extent of neutralization only 

A«(OH-) = -A(^n (10) 

From Eqs. (9) and (10) one obtains 

A«(H+) - A«(OH-) = -A^pi + A^di - A^p2 + A^d2 (1 1) 

Surface concentrations (F) of surface sites are related 
to the extents of the relevant reactions, and so the 
difference in changes in and OH“ bulk concentra- 
tions is equal to 

Ac(H+) - Ac(OH-) = 

v4h[F(FeOHj) - F(FeO-)] +zl, [F(SiOHj) - F(SiO“)] 

V 

( 12 ) 

When the mass-titration method [8-10] is applied for 
determining the charge of a mixed-oxide system, port- 
ions of mixed solid powder are added to water or to an 
aqueous electrolyte solution. The initial pHo changes to 
the new equilibrium value, pH^, which depends on the 
mass concentration of solid (y). Changes in and OH“ 
ion concentrations can be obtained from pH measure- 
ments by 

Ac(H+) = j (10^P“' - 10^P““) (13) 



Ac(OH ) 



^(iQPHy-P^w 

T 



jQpTro-p^^w) 



(14) 



where y is the activity coefficient of monovalent ions 
given by the Debye-Hiickel equation, c° is the standard 
value of concentration (c° = 1 mol dm“^) and pAi„ is the 
negative logarithm of the equilibrium constant of water 
dissociation. 

The overall surface charge in the inner part of the 
Helmholtz layer, in the absence of counterion associa- 
tion and specific adsorption, is defined as 



ffo = F[r(FeOH+) - r(FeO^) + F(SiOH+) - F(SiO^)] 

(15) 



where Fis the Faraday constant. Equations (2) and (15) 
yield 



Ac(H+)-Ac(OH-) = --^uo (16) 

where A is the total surface area of the solid phase (sum 
of surface areas of both oxides), and V is the solution 
volume. According to Eqs. (14)-(16), the overall surface 
charge density can be simply obtained from pH 
dependency on the mass concentration by 

FV r° 

ffo = [IQ-P”^ - IQ-P^^o - 10P“'-P^» -h 10P“»-P^H 

A y ^ J 

(17) 

The above relationship suggests that uq approaches zero 
as the mass concentration of solid powder (total surface 
area) increases. Therefore, as in the case of a one- 
component system, the PZC condition may be achieved 
by preparing a highly concentrated dispersion. For a 
two-component system, the (overall) PZC means that 
the total charge of all particles is zero, but particles of 
each component bear opposite charges. 



Experimental 

Chemicals 

All chemicals (HNO3, KOH, KNO3; Merck, Germany) used in the 
experiments were of analytical purity grade. The hematite (Alfa, 
Johnson Matthey, Karlsruhe, Germany) and silica (Aerosil 200, 
Degussa, Germany) were purified by extensive washing. The 
specific surface area of silica was 200 m^ g“’ and that of hematite 
8.8 m^ g“', as determined by the Brunauer-Emmett-Teller method. 

Experiments were performed in the pH region (4 < pH < 7) in 
which no dissolution of hematite and silica take place. 



Mass titration 

The initial pH (pHo = 5) was adjusted with addition of HNO3. The 
constant ionic strength of 5 x lO^^ mol dm“^ was controlled by 
KNO3. First, a paste of pure silica, hematite and of different silica- 
hematite mixtures was prepared. The paste contained a small 
amount of initial aqueous solution, which enabled simple additions 
and redispersion of particles. In the course of mass titration 
weighted portions of paste were added to the thermostated aqueous 
solution (dispersion). After each addition, the system was exposed 
to ultrasound (ultrasonic probe) for 10 min and equilibrated under 
stirring for the next 30 min. The pH was measured using a 
combined glass-Ag/AgCl electrode (Methrom). The systems were 
kept under an argon atmosphere and thermostated (25.0°C). 



Acid base titration 

The basic (KOH) suspension (y= 10 g dm“^) was titrated with acid 
(HNO3). The ionic strength was adjusted with KNO3. Prior to 
titration, the system was sonicated for 10 min. During the 
experiment the system was thermostated (25.0°C), stirred and kept 
under an argon atmosphere. After each addition of acid, the pH 
was measured using a combined glass-Ag/AgCl electrode (Meth- 
rom). Automatic titration was performed using a Titrino-Methrom 
system. Surface charge densities were obtained by the normal 
procedure [12], by comparison with a blank titration. The PZC was 
obtained from the cross section of charge density functions 
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obtained for three different ionic strengths (5 x 10 ^ , 10 ^ and 10 ’ 
mol dm“^). 



Results and discussion 



Some examples of mass titrations of several hematite- 
silica mixtures, differing in the mass fraction of hematite, 
are shown in Fig. 1. In all cases the initial aqueous 
solution was slightly acidic (pHo=5). As the mass 
concentration of the solid mixture increased, the pH 
reached a plateau which was, according to Eq. (17), the 
overall PZC of the corresponding hematite-silica mix- 
ture. The dependency of the overall PZC on the mass 
fraction of hematite is displayed in Fig. 2. For compar- 
ison, the PZC values obtained by potentiometric acid- 
base titrations are also shown, indicating agreement of 
the results obtained by two different methods. The line 
drawn in the diagram is a rough theoretical estimation 
based on the following assumptions 

1. The surface potential of the 0-plane is equal to the 
Nernstian potential [13-15] given by 

00 = (pHpzc - pH) (18) 

where a is the coefficient characterizing an oxide 
surface, being f in the ideal case when the surface 
density of amphoteric groups is infinite [16]. In a real 
case, the value of a is lower; for example for hematite 
a = 0.8 was obtained [17]. 

2. The counterion association is negligible; holds for low 
ionic strengths and also in the vicinity of the PZC [18]. 
In such a case, the surface charge density could be 
calculated by Gouy-Chapman theory 



(To = \/87?77c£ 



exp I 



( zF 



2RT 



00 -exp - 



zF 



00 



(19) 




Fig. 1 Mass titration of silica-hematite mixtures of different compo- 
sitions. t = 25°C, /c = 5 X 10“^ mol dm“^ 




0 0,2 0,4 0,6 0,8 1 

wfFesOa) 

Fig. 2 Overall point of zero charge (PZC)oi silica-hematite aqueous 
dispersions as a function of the mass fraction of hematite; O - data 
obtained by mass titration • - data obtained by acid-base titrations; 
the theoretical estimation is based on Eq. (20), using o;h = as= 1 ( — ) 
and ah = as = 0.8 (— ); t = 25°C, 1^ = 5 x 10^^ mol dm^ 



By introducing the condition for the (overall) PZC 
(Eq. 2) one obtains 



pHpzc — 



— a/2 
a/2 



I -a/2 

-h spv^pt^^ 



( 20 ) 



where p = 10 p|^ . 

The results based on the above procedure agree fairly 
well with experimental data, as demonstrated in Fig. 2. 
In the calculations, two different values of a were used. 
It was also assumed that the same value of a corresponds 
to both oxides. The deviation from the experimental 
data may be explained by the approximations in the 
theoretical treatment. 

Surface charge densities in the vicinity of the zero- 
charge condition were calculated from the mass-titration 
data by means of Eq. (17). They were also obtained from 
the potentiometric acid-base titrations. The results are 
presented in Eig. 3. Disagreement of data obtained by 
these two different methods is evident; however, PZC 
values are practically the same. It can also be seen that 
(To values obtained by the mass-titration method are 
proportional to those obtained from the Oacid-base 
titration data. Since the results are expressed as charge 
per surface area, one may conclude that the available 
surface area was substantially reduced in the acid-base 
titration. This explanation is reasonable if one considers 
the experimental procedures applied. In the case of acid- 
base titration, the (mixed) suspension was sonicated 
before the titration but not after each addition of the 
titrant. Coagulation took place in the course of titration, 
especially in the vicinity of the PZC. Particles may 
undergo coagulation also outside the PZC region since 
the mixing of titrant is never instantaneous and local 
PZC regions may temporarily exist. Consequently, the 
surface area was reduced and lower surface charge 
densities were obtained. The coagulation effect is even 
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Fig. 3 Surface charge of silica-hematite aqueous dispersions (with a 
different mass fraction of hematite) as a function of pH. Mass 
titration: w(Fe 203 )= 100% (•), 95% (A), 0% (O); Acid-base titration 
{solid line). The dashed line represents experimental acid-base titration 
data of pure oxides using additivity (Eq. 2). t = 25°C, A = 5 x 10^^ mol 
dm“^ 

more pronounced in mixed systems where positive 
hematite particles attract oppositely charged silica 
particles. Agreement of the results (except for one 
datum point) obtained by the two methods was found 
only for pure hematite, which forms loose aggregates 
and so internal equilibration may take place. This 



explanation is supported by agreement of the acid-base 
titrations of hematite suspensions in the presence and 
absence of a strong ultrasound field [19]. According to 
the above discussion, higher values of surface charge 
densities obtained by mass titration should be explained 
on the basis of the available surface area. Indeed, mass 
titration was performed in such a way that the system 
was treated with strong ultrasound after each addition 
of the hematite paste. The dotted line in Fig. 3. was 
calculated by assuming additivity of charges (Eq. 2). The 
acid-base titration data were used for this purpose. It 
may be concluded that the measured charge is somehow 
lower than expected, which again points to more 
pronounced coagulation in mixed systems. 



Conclusion 

The mass-titration method is applicable for determina- 
tion of the PZC and surface charge density of mixed- 
oxide systems. The overall surface charge in mixed 
suspensions is approximately equal to the sum of the 
charges of each component. It might be reduced due to 
the lowering of the available surface area caused by 
mutual coagulation. At high concentrations of purified 
mixed oxides, the overall charge approaches zero. 
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Abstract Water-in-oil microemul- 
sions (Winsor II) can be made to 
pass to oil-in-water ones (Winsor I) 
by the addition of a second single- 
chain ionic surfactant (SDS) to the 
system consisting of a non-polar oil 
in contact with aqueous solution of 
Aerosol OT and a sufficient amount 
of NaCl (cNaci > 0-05 M). The 
physicochemistry of Winsor transi- 
tions determines the multicompo- 
nent surfactant mixture 
compositions and, furthermore, 
their practical applications. We have 
undertaken a systematic study con- 
cerning the effects of homologous 
series of sodium sulfates, sodium 
sulfonates, and sodium carboxylates 
in heptane-aqueous 0.1 M NaCl 
containing AOT 

(caot = 4.59 X M > c.m.c.) 
at 25 °C upon the surfactant film 
curvature and geometric constraints. 
The results are discussed in terms of 
the type and molecular geometry of 
the ionic surfactants, the composi- 
tion of the interfacial monolayers, 
and the thermodynamics of the 
transition from Winsor I to Winsor 
III. For homologous amphiphiles 



the minima in the interfacial tension, 
7c, min, brought about by addition of 
the second ionic surfactant, were 
achieved at different concentrations 
of the latter (c 2 ,min)- We have shown 
that there is a linear correlation 
between the standard free energy 
change of the transition from the 
Winsor I to the Winsor III system 
(AG°r = i^71nm2,min, where m 2 ,min is 
the activity of a second ionic single- 
chain surfactant) and the carbon 
number (n) in the alkyl chain for 
various homologous series of 
amphiphiles. We have calculated 
the CH 2 group and ionic head group 
contribution in AG?r. The first 
parameter is almost equal for sul- 
fates, sulfonates, and carboxylates, 
but the head contribution decreases 
in the order: COONa, SOsNa, 
OS 03 Na. Thus the increase in the 
volume of the head group promotes 
Winsor I-Winsor Ill-Winsor II 
transitions. 



Key words Winsor - Microemulsion 
- Aerosol OT - Interfacial tension - 
Surfactant - Rich phase 



Introduction 

As discussed elsewhere [1, 2], in alkane-aqueous NaCl 
systems containing a micelle-forming surfactant such as 
diethylhexyl sodium sulfosuccinate (AOT), the oil-water 
interfacial tension y falls as the surfactant concentration 
increases and then attains a constant value y^ at and 



above the concentration where the surfactant aggrega- 
tion occurs (c.m.c.). The constant tension, y^, can be 
made to pass through an ultra-low minimum 
(yc,min = ca. 10“^ mN/m) by adjustment of the temper- 
ature, salt concentration, alkane chain length or the 
concentration of an added second surface-active material 
(cosurfactant, e.g. alkanol, or second surfactant, e.g. 
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SDS) [1-5]. Ninham et al. [6, 7] and Mukherjee et al. [8] 
have established an interesting “geometric” approach to 
explain the way in which monolayers tend to curve and 
the Winsor transition to occur. Accordingly, the shape of 
the surfactant molecule has a profound affect on the 
formation of microemulsion phases. It is thought that the 
tension minimum results for the condition where phase 
inversion occurs and the effective cross-sectional area of 
the hydrophobic chain, a^, becomes equal to that, of 
the hydrophilic head group. Then a Winsor III system 
forms and the surfactant is concentrated in the surfact- 
ant-rich middle phase (probably bicontinuous). Under 
conditions where Ui, > a^, two-phase systems consisting 
of an oil-in-water (o/w) microemulsion in equilibrium 
with an excess of the dispersed (oil) phase can be formed: 
Winsor I. Water-in-oil (w/o) microemulsions in equilib- 
rium with an excess aqueous phase (Winsor II) are found 
when Uh < «c- The significance of appropriate variables 
causing phase inversion has already been explored [1-5]. 
The droplet size in the two-phase system remains in a 
linear relationship with the “natural”, spontaneous 
curvature, //q, favoured by the surfactant (or surfactant 
mixture) film formed at the oil-water interface [9, 10]. 

In this paper we report changes of interfacial tension 
7c brought about by the addition of the single-chain 
ionic surfactant (i.e. homologous series of sodium alkyl 
sulfates, sodium alkyl sulfonates, and sodium alkyl 
carboxylates) to the system containing AOT and NaCl 
(aq). The results are discussed in terms of the molecular 
geometry of the ionic surfactants, the composition of the 
interfacial monolayers, and the thermodynamics of the 
transition from Winsor I to Winsor III. The standard 
free energy changes of the transition from o/w to w/o 
microemulsions, AG/^, have been calculated. From the 
data on the homologous series of various amphiphiles, 
AG/j. is resolved into the separate contributions made 
by the hydrophilic head group and the lipophilic chain. 
Our investigations provide some information about the 
effects of various groups in amphiphile molecules upon 
interfacial phenomena. 



Theoretical treatment 

The standard free energy change AG/j. of the transition 
from Winsor I to Winsor III systems can be treated 
analogously to the standard free energy for transfer from 
aqueous solutions to a pure liquid phase, AG/ [11, 12], the 
standard free energy of adsorption AG/^j^, in the adsorp- 
tion processes at the free surface [13] or the standard free 
energy of micellization AG/^j^, [14-16]. Then AG/^ is 
derived from the concentration of the second single-chain 
surfactant C 2 ,min at minimum (like AG/^j^. from the 
c.m.c.) by treating the formation of a bicontinuous 
surfactant-rich phase as analogous to phase separation. 
According to Aveyard et al. [3], in cases where the Winsor 



I system is given (y^. > yc,min), the surfactant is found to 
reside mainly in the aqueous phase, which is a swollen 
micellar solution (o/w microemulsion). In the Winsor III 
system (y^ = yc.min), all surfactants are located in the 
surfactant-rich phase, and in the Winsor II (y^ > yc.min), 
all of the aggregated surfactants are present in the w/o 
microemulsion. Consequently, when the amphiphile 
is distributed between two insoluble liquid phases, 
w (water) and s (surfactant-rich), in contact with each 
other, the chemical potential becomes equal to 
chemical potential according to the Gibbs phase rule. 
Further, the chemical potential per mole /r of the solute 
is conveniently expressed by [13] 

— +7?rin fx (1) 

so that 



(w). 









( 2 ) 



Here and are the standard chemical potentials 
per mole, and are the activity coefficients, and 
^ 2 'min ^ 2 *min mole fractions of the second sin- 

gle-chain ionic surfactant in aqueous and surfactant-rich 
phases under thermodynamic equilibrium, respectively. 

To calculate the thermodynamic parameters for these 
transition processes, standard states are required. The 
standard states are assumed as follows: a hypothetical 
state in which the product of the mole fraction and 
activity coefficient is unity for a surfactant-rich phase 

(fH'L = 1 ). 

From Eqs. (l)-(2) one can easily find 



AG/, = 



(s),° 









(w).j.(w) 



2, min* 



(3) 



For univalent ionic surfactants, e.g., sodium alkyl 
sulfate, sodium alkyl sulfonate, and sodium alkyl car- 
boxylate in an aqueous phase, this must be expanded to 



(w) (w) I (w) 

^2 = + f^2,+ 



(w). 

= ^2.- 



RTlnf: 



(w) (w 



^2, min- 



f^2,+ 









(w) 

■ 

2, mm- 



(4) 

(5) 

( 6 ) 



(V) 



Thus, a combination of Eq. (3) with Eq. (6) yields 

AG-„ = = «r In 

In Eqs. (4)-(7). a,ld4i„ 

are appropriate parameters for anions and cations of 
the second single-chain ionic surfactant in the aqueous 
phase, respectively. Here it is assumed that the mean 
ionic standard chemical potential is equal to = 

and ln/|*^ is equal to ( In + In f^'^) jl. 
The mean ionic activity coefficient of the surfactant may 
be calculated according to the Giintelberg approxima- 
tion of the Debye-Hiickel equation [17, 18]: 
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log /± = - 



^4jz+z_j^ 

\ + Vi 



where 



( 8 ) 



1.825 X 10 '’ 

pj’)3/2 



( 9 ) 



Here, / is the total ionic strength of the solution and 
D is the dielectric constant of the solvent. 



Materials and methods 

Materials 

The ^-heptane, Aerosol-OT, NaCl, «-alkyl sodium sulfonates 
(alkyl: «-CgHi 7 , «-C 9 Hi 9 , «-Ck)H 2 i, «-ChH23, «-Ci 2H25), sulfates 
(alkyl: «-CgHi 7 , «-Ck)H 2 i, «-Ci2H25, «-Ci 4H29), and carboxylates 
(alkyl: «-C7Hi5, «-C9Hi9, «-CnH23, «-Ci3H27, «-Ci5H3i) were 
purchased either from Aldrich, Fluka, or Merck. The heptane was 
passed through chromatographic alumina before use to remove 
small amounts of polar materials. Interfacial tension against water 
was 50.61 mN/m, in good agreement with the literature value of 
50.77 mN/m (at 25 °C) [19]. The other compounds had satisfactory 
purities (above 98%) and were used without further treatment. 
Water was twice distilled. 

Interfacial tension measurements 

Interfacial tensions of the aqueous solution of NaCl and the 
surfactant mixtures against w-heptane were determined using a 
spinning drop tensiometer (Krtiss, Hamburg) as described else- 
where [20]. The measurements were performed at 25 °C. 



Results and discussion 

In our experiments we have taken AOT at a fixed 
concentration, caot, above its c.m.c. (caot = 4.59 



X 10 “"^ M) in systems containing heptane and aqueous 
NaCl, the latter at a concentration of CNaCi = 0.1 M, 
and progressively increased the concentration of a 
second single-chain ionic surfactant, C2- The last com- 
ponent (i.e., the so-called “second” surfactant) was one 
of the following compounds: sodium sulfates (alkyl; n- 
CgHi7, «-Ci()H2i, «-Ci 2 H 25 , «-Ci 4 H 29 ), sodium sulfon- 
ates (alkyl: ^-CgHjy, n-Cgiiig, U-C10H2U ^"CnH23, 
«-Ci 2H25), or sodium carboxylates (alkyl: «-C7Hj5, 
n-Cgii\g, «-CiiH 23 , «-Ci 3 H 27 , «-Ci5H3i). The tempera- 
ture was thermostated at 25 °C. In this way we have 
investigated the effects on of progressively adding 
various second surfactants. The results of such experi- 
ments are shown in Figs. 1 - 3 . These figures show the 
variation of log y^ with the mole fraction X2 of the 
second ionic surfactant in mixtures of amphiphiles: 
X2 = C2/(caot + C2). The result for C12OSO3 Na is in 
good agreement with that obtained earlier by Aveyard 
et al. [ 5 ]. 

As shown in Figs. 1 - 3 , the alkyl chain length increase 
of the sulfates, sulfonates, and carboxylates significantly 
influences the value of the mole fraction of a second 
surfactant, A2,„iin, at which the ultra-low interfacial 
tensions, 7c, min, occur. In all cases the second ionic 
surfactant concentrations required to produce minima in 
tensions, expressed by A2,min = C2,min/(c2,min + caot), 
decrease as the alkyl chain length in the homologous 
series is increased. The values of T2^min were obtained 
graphically as the intersection point of two appropriate 
curves approximated from experimental data (for X2 
below and above X2,min, where 7c,min occurs). We have 
calculated the mean ionic activity coefficients at 
7c, min according to Eq. (8) and the activities of the 



second surfactants, 

(/■(wlA (w) M 
V± ) ''•2,min-'''2,min + ’ 



^2,min, at minimum y^ as 

where -^2.min— ~ ^2,min/(u2,min 4“ 



Fig. 1 The effect of sodium alkyl 
sulfates on in systems con- 
taining AOT, «-heptane, and 
aqueous NaCl at 25 °C; 

"^Naci = O.lOmol/dm^, 
f^AOT = 4.59 X lO^"* mol/dm^ 
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Fig. 2 The effect of sodium 
alkyl sulfonates on yc in systems 
containing AOT, w-heptane, and 
aqueous NaCl at 25 °C; 
mNaCi = 0.10 mol/dm^, 

"Jaot = 4.59 X 10^“* mol/dm^ 



-^C8S03Na -^-C9S03Na -<^C10SO3Na -^C11S03Na ^C12S03Na 




o 



O) 

o 




Fig. 3 The effect of sodium 
alkyl carboxylates on in sys- 
tems containing AOT, «-hep- 
tane, and aqueous NaCl at 
25 °C; mNaci = 0.10 mol/dm^, 
"*AOT = 4.59 X 10“^ mol/dm^ 



+ C15COONa •CISCOONa ACHCOONa ♦ C9COONa x CZCOONa 




CAOT + CNaCl + CH 20 ) and X^2Mn+ — (^2 ,min 4“ ^AOT 
CNaCl )/ (c 2 .min + CAOT + CNaCl +ch 2 o)- Ci is the molar 
concentration of appropriate substances in the aqueous 
phase at fcmin- Further, the standard free energy change 
AG(j of the transition from Winsor I to Winsor III 
brought about by the addition different amounts of a 
second ionic single-chain surfactant was obtained from 
Eq. (7). All the results of such calculations are shown in 
Table 1. The activities m 2 ^min of the second surfactants at 
minimum are expressed in Fig. 4 as the log of m 2 ,min 
against the number of carbon atoms in the alkyl chain, n. 
It is clear that all compounds (sulfates, sulfonates, and 
carboxylates) exhibit linear relations with similar slopes. 

Now we assume that this total free energy change is 
divisible into independent additive contributions from 



the component parts of the amphiphile molecule, i.e., for 
a conventional anionic n-alkyl amphiphile RY, where 
R = C„H 2 „ + 1 and Y is the hydrophilic head group: 

AG;, = AG° (CH 3 ) + (« - 1)AG° (CH 2 ) + AG° (Y) . (10) 

To eliminate AGj^ (CH 3 ) we note that the difference 
between AG(j (CH 3 ) and AG^^ (CH 2 ), which can be 
obtained from the data of the solubility of liquid 
«-alkanes in water at 25 °C, is equal to -5.56 kJ/mol 
[12, 21]. Thus, now Eq. (10) becomes 

AG(, = «AG(,(CH 2 ) -h AG(,(Y) - 5.56kJ/mol . (11) 

By comparing the total for two homologous 

compounds it is possible to calculate the increments 
AG]’j. (CH 2 ) in the alkyl chain according to 
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Table 1 Free 
AOT (caot = 


energy contributions to the Winsor I-Winsor III transition at 25 °C in system heptane - 
= 4.59 X i0^“* M) - second surfactant (c 2 ,min) 


water - NaCi (cNaci = 0-0 i M)- 


Amphiphile 


Head 


n 


min 


C2,mm X iO" 


Surf 2/ 


Jl, min 


-AG», 


-AG“ (CH 2 ) 


-AG» (Y) 


Volume of Y X iO^ 




group 






(mol dm 


AOT 




(kJ/moi) 


(kJ/mol) 


(kJ/mol) 


(m^/mol)“ 


Sodium alkyl 


OS 03 Na 


8 


0.97 


148.4 


32.33 


0.743 


37.20 


3.04 


7.30 


4.966 


sulfates 




iO 


0.76 


i4.i4 


3.08 


0.753 


43.27 












i2 


0.2i 


i.220 


0.27 


0.754 


49.37 












i4 


0.04 


0.i9i 


0.04 


0.754 


53.97 








Sodium alkyl 


SOjNa 


8 


0.987 


348.5 


75.92 


0.730 


34.78 


3.2i 


3.58 


4.379 


sulfonates 




9 


0.96 


iiO.2 


24.00 


0.746 


38.00 












iO 


0.87 


30.72 


6.69 


0.752 


4i.3i 












ii 


0.66 


8.9i0 


i.94 


0.753 


44.42 












i2 


0.33 


2.26i 


0.49 


0.754 


47.84 








Sodium alkyl 


COONa 


7 


0.998 


2202 


479.77 


0.654 


28.62 


3.i7 


i.78 


3.136 


carboxylates 




9 


0.975 


i79.0 


39.00 


0.74i 


36.68 












ii 


0.76 


14.54 


3.i7 


0.753 


43.20 












i3 


0.35 


2.515 


0.55 


0.754 


47.57 









“ From [22] 



Fig. 4 Plots of activity of a 
second single-chain surfactant, 
log at the minimum 

against the number of carbon 
atoms in the alkyl chain of 
sodium alkyl sulfates, sulfonates, 
and carboxylates, which is rep- 
resented by n 



-4.5 



- 5.5 



- 6.5 



^ - 7.5 

u> 

o 



- 8.5 



-9.5 




n 



AG^°,(CH2) = AG°,(C„H2„+iY) - AG°,(C„_iH2„_iY) . 

( 12 ) 

The AG(r(Y) contribution one may calculate from the 
equation 

AGl(Y)^RT In «t 2 .min(C„H 2 „+iY) + 5.56kJ/mol . 

(13) 

According to Eqs. (7), (12), and (13), AG^^ (CH 2 ) and 
AG(f(Y) can be calculated using the values of the 
intercept A and the slope B of appropriate linear 
regressions in Fig. 4: 

AGj°j(CH 2 ) = 2.303 X RT x B (slope of logwt 2 ,mmVS. n) 

(14) 



AGj°j(Y) = 2.303 X RT x A (intercept of log»j 2 ,mmVS. n) 
+ 5.56kJ/mol (15) 

For example, for sodium alkyl sulfate: 

AG(,(CH 2 ) = 2.303 X 8.314 x 298.2 x (-0.533) x lO^^ 

= -3.04kJ/mol (16) 

AG(,(Y) = 2.303 X 8.314 x 298.2 x (-2.252) x 10^^ 

+ 5.56kJ/mol = -7.30kJ/mol . (17) 

It has to be noted that the linear regression in Fig. 4 
for sodium alkyl sulfates was obtained from data for 
CgHnOSOsNa, CioHjiOSOsNa, and Ci 2 H 250 S 03 Na, 
but not for Ci4H290S03Na. In the cases of sodium 
alkyl carboxylates and sodium alkyl sulfonates, all data 
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points have been used to obtain linear regressions. The 
values of (CH 2 ) and (Y) for sodium sulfates, 
sulfonates, and carboxylates obtained from such calcu- 
lations are shown in Table 1. 

The values in the ninth column of Table 1 demon- 
strate that the free energy increments per methylene 
group are all closely similar, the mean value for the three 
amphiphile types being -3.14 kJ/mol. The alkyl chain 
increase influences the concentration value of a second 
surfactant at which the ultra-low interfacial tensions 
occur, irrespective of the polar group in the surfactant 
molecule, in the same way for all the studied homo- 
logous series of amphiphiles. The constancy of the 
increment per methylene group strongly suggests that 
the structures of micro-oil domains in bicontinuous 
Winsor III systems formed by these various amphiphiles 
are similar. Comparison of the actual value of AG^j. 
(CH 2 ) with the value of that for the transfer of an alkane 
from aqueous solution into the pure liquid alkane (AG^ 
(CH 2 ) = -3.57 kJ/mol at 25 °C [15]) or with the 
corresponding contribution for adsorption of an alkyl 
amphiphile from aqueous solution to the oil/water 
interface (AG°^^ ^/^(CH 2 ) = -3.57 kJ/mol at 20 °C [15]) 
and with values of that for such adsorption at the air/ 
water interface (AG°^^ ^^^^,(CH 2 ) = -2.60 kJ/mol [15]) 
provide further information about the surrounding 
microenvironment of the hydrocarbon chain in the 
surfactant-rich phase. If the hydrophobic domain struc- 
ture in this system is that of a liquid alkane, the actual 
value of AG/r (CH 2 ) should be close to AG/ (CH 2 ) 
or AG°^ , (CH 2 ). In fact there is the following 

relation: ’ AG/ (CH 2 ) [or AG/,^ , (CH 2 )] < AG/, 

(CH 2 ) < AG/,j^ (CH 2 ). It seems, tnerefore, that when 
Winsor III occurs the amount of hydrocarbon surface 



exposed to the aqueous phase is merely reduced rather 
than completely eliminated. However, it is much more 
reduced than when micellization occurs, for which AG/^j^. 
(CH 2 ) is equal -2.52 kJ/mol and -2.73 kJ/mol for 
sodium alkyl sulfates and sodium alkyl sulfonates, 
respectively [15]. Thus the region around the hydropho- 
bic group in the Winsor III system is more “aqueous- 
like” in nature than in the oil-water interfacial film, but 
less than the internal microenvironment in the micelles. 

All the head group contributions, AG/,(Y), in Table 1 
are negative, so from this viewpoint the presence of the 
head group always favors the transition process to a 
greater or lesser extent. Moreover, from this data it is 
clear that the free energy increment per ionic head group 
decreases in the order COONa, SOsNa, OSOsNa. Thus, 
the increase in volume of the head group of single-chain 
surfactants promotes the transition from a Winsor I to a 
Winsor III system, because amphiphiles with a greater 
polar group more effectively change Uh/'^c- 



Conclusions 

The addition of second single-tailed amphiphile-type 
sodium «-alkyl sulfate, sulfonate, or carboxylate to the 
w/o microemulsion droplets containing AOT + NaCl 
can result in ultra-low oil-water interfacial tensions. The 
concentration value of X^^in, required to give minimum 
7c, depends on the structure of the second surfactant 
molecule. Formation of the mixed adsorbed films of a 
second single-chain anionic surfactant with AOT and 
Winsor I-Winsor Ill-Winsor II transitions are favored 
by both the increase in alkyl chain length and increase in 
the volume of the hydrophilic head group. 
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Abstract Emulsions are generally 
opaque and scatter light widely. This 
characteristic is a considerable ob- 
stacle to the use of optical tech- 
niques such as dynamic light 
scattering and optical microscopy. 
However, the optical appearance of 
a sample is totally irrelevant for 
nuclear magnetic resonance (NMR) 
measurements. In this paper we use 
general methods to calculate the size 
distribution of a collection of drop- 
lets in dilute emulsion systems using 



NMR pulse gradient spin-echo 
measurements. We show that such 
methods are also successful in de- 
scribing a bimodal distribution of 
droplets. 



Key words Pulse gradient spin-echo 
nuclear magnetic resonance - 
Restricted diffusion - Emulsions - 
Polydispersity 



Introduction 

The term emulsion refers to a dispersion of at least two 
immiscible liquids. On a macroscopic scale emulsions 
are more or less homogeneous although regions of 
separate phase are seen at a microscopic {pm) level [1]. 
Generally, one of these phases displays connectivities 
throughout the mixture, acting as a continuous phase 
within which the other liquids form droplets (the 
dispersed phase). Emulsions are in principle unstable 
as the droplets tend to coalesce and the phases will 
eventually separate. However, a mixture may be dy- 
namically stable under agitation, where the breakup of 
droplets counteracts coalescence resulting in a kinetic 
stabilization of the emulsion. In order to increase this 
kinetic stability, surface active agents are often added to 
emulsions. They act to reduce the interfacial tension 
between the immiscible liquids, leading to the formation 
of smaller droplets which are more easily kept in 
suspension by Brownian motion. Since the average 
droplet size of an emulsion is critical to its stability, 
knowledge of the polydispersity of the droplets is 
important in rationalizing all the processes linked to 



the colloidal stability (emulsihcation/demulsification 
processes). 

In our daily lives we use several emulsive systems, 
from the food we eat to the paints we use to colour and 
preserve. Obviously knowledge of the emulsification/ 
demulsification processes taking place in emulsions is 
important for technology. Consequently we have devel- 
oped several interpretative models of nuclear magnetic 
resonance (NMR) self-diffusion data obtained from 
simple emulsions [2, 3]. In this report, we use our 
method for determining the droplet size distribution to 
elucidate the complex morphological details of a bi- 
modal emulsion, i.e. a system where two families of 
droplets sharing different average dimensions coexist. 



Theoretical background 

Pulse gradient spin-echo NMR (PGSE-NMR) is a 
powerful technique for studying the phenomenon of 
restricted diffusion [4]. This simple technique is based on 
measurements of the mean displacement of the spin- 
bearing molecules during a fixed time interval (A). In this 
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period of time the diffusion length is if = (2DA)^'^^, where 
D is the self-diffusion coefficient of the diffusing molecule. 
If all the droplets have the same radius R, deviations from 
free diffusion are seen for if > i?. For a single spherical 
droplet of radius R the NMR echo attenuation of the 
contained liquid (dispersed phase) is given by the well- 
known equation of Murday and Cotts [5]: 

with 

fmiSl-) -^) 

2 ^ a^Z)(A— (5) 



( 2 ) 

where is the mth root of the equation 

Jj,I 2 {olR) — (xRJ^i 2 {oR) = 0, y is the magnetogiric ratio, 
g is the strength of field gradient pulse, d is the length of 
field gradient pulse and A is the time distance between 
the two field gradient pulse. In Eq. (1) the relaxation 
time T 2 is assumed to be independent of R. In 
polydispersed disconnected emulsions droplets of each 
size will obey Eq. (1). Since the NMR signal is 
proportional to the amount of spins present in a droplet, 
the measured echo intensity, /(d), is the sum of the echo 
contribution from all droplets weighted by the volume 
fraction of each droplet size [2]: 

POO 

!(S)^ / £’(d,f?)0(f?)dR (3) 

Jo 

where 0(R) is the normalized volume fraction distribu- 
tion function. In other words, the experimental echo 
decay in dilute emulsions depends on the volume 
fraction distribution and not on the size distribution. 
However, once the volume fraction distribution is 
known it is easy to calculate the size distribution. The 
goal of our investigation was to calculate 0(R) from the 
experimental 7(d) without making any a priori assump- 
tions about the size distribution (when the form of a 
distribution is known it is easy to find its parameters 
using least-square routines [6]. There are two methods 
that proved to be very effective: 

1. When a function /(z) gives only an approximation 
of the distribution, a more accurate representation may 
be obtained using the first few terms of the series; 

00 

F(z) = ^c„/(z)(") (4) 

«=0 

where / (z) (the generating function) gives a first approx- 
imation of the given distribution, and is the «th 

derivative of /(z) with respect to z. As we have shown 
previously [2], it is possible to combine Eqs. (4) and (3) to 
approximate the distribution function using a generating 



function series. The coefficients of the series are evaluated, 
using a nonlinear least-squares procedure, and the 
relationship obtained fitted to the experimental data. 
This method gives very good results when the generating 
function does not depart too greatly from the “true” 
distribution. Unfortunately there are several cases where 
the choice of generating function is not trivial. 

2. To obtain an acceptable result from PGSE exper- 
iments, it is necessary to probe a diffusion length that 
is sufficiently large compared to the distribution width of 
the volume fraction. determines the maximum radius 
probed and is experimentally controlled by fixing A. 
Accordingly, we can replace 00 by if in Eq. (3) to obtain; 

f E{5,z)'¥{z)dz (5) 

Jo 

where we have defined the dimensionless variable 
z = Rj^ and the scaled distribution *F(z)dz = 
<^{R)dR. In other words, the echo decay I can be 
described by a Fredholm integral equation of the first 
kind with the kernel E{6,z). We proved that a solution of 
this integral equation can be found easily if E{6,z) has a 
complete bi-orthogonal system of eigenvectors and we 
proposed two procedures to solve them [3]. The first 
method, called indirect, is based on the expansion of the 
unknown distribution function in the eigenfunctions of 
the kernel. To minimize fluctuations in the numerical 
solutions, we prefer to avoid computing the eigenvalues 
directly and 'F(z) is obtained using a linear least-squares 
procedure. The second method, called direct, uses 
properties of the shifted Legendre polynomials to 
integrate Eq. (5) numerically and evaluates the unknown 
distribution using a constrained least-squares routine. It 
should be stressed that the use of linear or constrained 
least-squares routines increases the robustness of the 
fitting procedure enormously. 



Application to a bimodal distribution 

The ability to describe a system composed of droplets 
with a polymodal size distribution is critical. Using a 
unimodal distribution function to describe a polymodal 
distribution has no physical meaning, and thus all 
methods that assume unimodal distribution will return 
useless results for polymodal systems. We have shown 
that it is possible to use a generating function method to 
calculate, from PGSE data, an indication of significant 
deviations from a unimodal droplet size distribution and 
discussed the limitations of this method [2]. We will 
demonstrate here, on simulated PGSE data, that an 
approach based on the Frnedolm integral equation 
(Eq. 5) is very effective and permits a satisfactory 
description of the emulsion morphology even when 
there are two families of droplets (details of the 
computer simulation were reported in Refs. [2, 3]). 





The echo attenuation generated by the ensemble of 
droplets with the volume fraction distribution shown in 
Fig. 1 as a solid line was calculated according to Eqs. 
(1-3) using D = 23 X 10“'^ m^ s“', A = 0.140 s, 
g = 0.0519 Tm“^ and S ranging from 1 ms to 20 ms. 
Pseudo random noise was added to this “perfect” signal 
to generate the simulated “experimental” attenuation (I) 
shown by the dots in Fig. 2. These “experimental” data 
were analysed using the numerical approaches described 
above (direct and indirect methods) with the assumption 
that the diffusion constant D is already known (mea- 
surement of the self-diffusion coefficient inside droplets 
has been described elsewhere [7]). Both of the methods 
return results that are in close agreement with the “true” 
distribution, as can be seen in Fig. 1 where the evaluated 
values of 0(7?) are represented by dots (for the sake 
of clarity only results obtained by the direct method are 
shown). All the calculations can be performed in a few 
seconds on a personal computer. The NMR data come 
from a macroscopic portion of the sample (enclosed in 
the measuring coil) and thus they are, intrinsically, 
representative of the system under study (this is different 
from microscopy where an average of the pictures 
coming from several different portions of the sample is 
required). When 0(7?) has been determined, it is possible 
to calculate the size distribution function P{r) from 0(7?) 
using the relation: 



0(7?)d7? = 



7?^7’(7?)d7? 

/“7?37^(7?)d7? 



( 6 ) 



and thus obtain a complete description of the emulsion 
under study in a very short time, regardless of the optical 
appearance of the sample. The accuracy of the method, 
evident in Fig. 1, is not limited to simulated data, but is 
also seen with experimental data obtained from real 
emulsions. After many trials to find a proper bimodal 
emulsion, we tested the accuracy of our analysis of 
PGSE data by comparing its results with those from 
optical microscopy for emulsions formed in the system 
DDAB/water/C 4 E 9 C 4 H 9 (DDAB stands for Didodecyl 
ammonium bromide and C 4 E 9 C 4 H 9 is a semifluorinated 
linear alkane oil) [ 8 ]. The results agreed perfectly, 
indicating that the approach reported above should 
not be considered simply as a mathematical toy but as a 




Fig. 1 Simulated PGSE experiment using the time interval 
A = 0.140 s and the field gradient pulse strength g = 0.0519 Tm“'. 
The dots were generated from the “true” distribution shown in Fig. 1; 
the solid line is the best-fit according to the direct method described in 
the text 




0 5 10 15 20 25 30 

RlO'^/m 



Fig. 2 Determination of the distribution function for a bimodal 
distribution. The solid line represents the “true” volume fraction 
distribution function. The dots represent the values of the normalized 
volume fraction distribution function evaluated from the generated 
pulse gradient spin-echo nuclear magnetic resonance (PGSE-NMR) 
data shown in Fig. 2 using the direct method decribed in the text 

useful tool for investigating emulsion microstructures 
that has many important applications. 
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Abstract Water has an active and 
key role in determining the structure 
of DNA. Entrapment of DNA and 
of synthetic model polynucleotides in 
reverse micelles, where the water 
activity can easily be modulated, 
may be a useful way of assessing the 
influence of water on DNA charac- 
teristics; it may also offer useful ideas 
on the problem of how the giant 
DNA molecule can be confined in 
the limited space of cell nuclei. The 
quaternary microemulsion CTAB|«- 
hexane|«-pentanol|water was used to 
entrap calf thymus DNA, and the 
model polynucleotides single-strand 
polyA, single-strand polyT and du- 
plex polyAT. Ultraviolet spectros- 
copy, specifically the band at 
260 nm, was used to compare the 
pairing of complementary single- 



strand polynucleotides, and the di- 
lution behaviour of native DNA and 
duplex polyAT in buffer solutions 
and in microemulsions. While pair- 
ing appears to occur to the same 
extent in both the microemulsive 
system and the buffer solution, dilu- 
tion experiments show an influence 
from the different media. Confine- 
ment of the polynucleotides within 
micelles causes a hyperchromic ef- 
fect, increasing with dilution, relative 
to the solutions. This effect has, on a 
preliminary basis, been attributed to 
denaturation of segments of the 
macromolecular duplex. 

Key words Microemulsions - 
Polynucleotides - Ultraviolet 
spectroscopy - Elexadecyltri- 
methylammonium bromide 



Introduction 

A growing body of evidence for an active role of water 
molecules in determining DNA structure has been 
obtained in recent years [1]. The static view of the 
Watson-Crick DNA double helix, although valuable, is 
not sufficient to describe the extremely dynamic nature 
of this biopolymer. The enormous plasticity of DNA is 
probably connected (at least to a certain extent) with the 
unique nature of water molecules [2]. In fact, it is well 
known that merely changing the water activity, for 
example, by the addition of chaotropic agents, leads 
to dramatic changes in the biopolymer conformation, 
which eventually denatures. These properties of chao- 
tropic agents are at the basis of a revolutionary nucleic 
acid amplification technique, proposed a few years ago 



[3]. Analogous effects are induced in protein structures, 
but although this has been known for several years, they 
have only recently received increased attention, due to 
the introduction of new experimental approaches in 
studying biopolymer-water interactions [4]. 

The most prominent feature of the hydration of 
B-DNA duplexes is a chain of water molecules, pene- 
trating deeply into the minor groove, becoming an 
integral part of the nucleic acid structure, and thus 
appearing as an essential component of the native 
macromolecular structure. The water molecules in the 
minor groove of DNA are exposed to the external 
solvent medium and should, therefore, exchange easily 
with bulk water. A quantitative characterization of the 
kinetics of DNA hydration is important for at least two 
reasons. First, if hydration is sufficiently slow, water 
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exchange may become the rate-limiting step in the 
binding of drugs and proteins to DNA. Second, water 
exchange may be coupled to DNA fluctuations and may 
provide information about conformational substates, 
which could be of importance for the replication and 
transcription of double-stranded DNA. 

In order to gain information about the water-DNA 
relationship, a way to modulate water activity contin- 
uously must be found; microemulsions capable of 
solubilizing DNA could prove valuable tools because 
this goal is obtained by small changes in the composi- 
tion. It has been reported that the driving force for 
the conformational transition of DNA is linked to the 
water activity [5]. A change in the number and type of 
chemical groups involved in the hydrogen bond network 
inside the polymer is seen changing the water activity. 
Such differences mainly concern the phosphate groups 
present in the backbone of DNA, namely the same 
chemical groups that are involved in electrostatic 
interactions with basic proteins and polyamines [2]. 

In this paper we present the preliminary results of a 
spectroscopic study of the behaviour of natural and 
synthetic anionic polyelectrolytes in a microemulsive 
system, based on a cationic surfactant which has the 
capability of solubilizing large amounts of DNA [6], 
even high molecular weight calf-thymus DNA [7]. The 
microemulsion appears to be a useful tool for investi- 
gating the properties of nucleic acids, since it is 
transparent in the ultraviolet (UV) region of the 
electronic absorption spectrum, and the main features 
of DNA guest molecules are preserved, as will be shown. 
In addition, the study of this system could be useful in 
finding an answer to the question of how giant 
polymeric molecules, such as DNA, can be confined fo 
the small volume of a cell nucleus. 



Materials and methods 

Chemicals 

The polydeoxythymidilic acid (sodium salt-poly T), polydeoxya- 
denylic acid (sodium salt-polyA) and polydeoxyadenylic-polydeox- 
ythymidilic acid (sodium salt-polyAT) used were Sigma products 
with the following characteristics: 50 fig of polymer dissolved in 
1 ml of water give an absorbance readout of 1.0 O.D. at 260 nm in 
a 1 cm path length cuvette. Calf thymus DNA (ct-DNA) was 
obtained from Serva. 

Hexadecyltrimethylammonium bromide (CTAB), «-hexane and 
«-pentanol were from FLUKA, and CTAB was purified as 
described previously [8]; water, twice distilled in all quartz 
apparatus, was always employed. 

DNA handling procedures 

Synthetic polymer (50 fig) was dissolved in 20 ml of TRIS buffer 
([TRIS] = 20 mM, pH = 8.05) and aliquots of this stock solution 
(ranging from 100 to 800 fil) were transferred to Eppendorf vials, 
frozen, lyophilized and stored at 4° C over a desiccant (silica gel). 



When the content of these Eppendorf vials was dissolved in 1 ml of 
buffer, the absorbance ranged between 0.25 and 2.0 O.D. (in a 1 cm 
cuvette). The same procedure was employed to prepare the ct-DNA 
samples. 

Microemulsion preparation 

The appropriate amounts of CTAB, «-pentanol, water and 
«-hexane were weighed into a glass vessel and stirred to a 
transparent isotropic solution. The optical isotropy was checked 
by observing the microemulsion through two cross-polarized 
Polaroid filters. The characteristics of the microemulsive 
system used throughout the whole set of experiments are: 
[CTAB] = 100 mM, [pentanol]/[[CTAB] = Po = 8.65, [water]/ 
[CTAB] = Wo =15.0. 

Spectroscopic equipment 

A Varian Cary IE instrument, interfaced with an IBM 450DX2 2/S 
data system, was used for electronic spectra acquisition and 
processing, together with Suprasil (HELLMA) cuvettes. All the 
experiments were performed at 25.0 ±0.1° C; the temperature 
control was achieved using a Haake F3 thermostat. 



Results and discussion 

The CTAB|«-hexane|«-pentanol|water microemulsion 
has been extensively characterized by means of several 
techniques, and its structure is known over a wide range 
of water and cosurfactant concentration values. Such 
structural studies have revealed that, in the explored 
composition range, the reverse micellar aggregates 
behave like hard spheres without hydrodynamic inter- 
actions, even at the higher Wq values. The spherical 
geometry holds for the whole L 2 phase and the 
polydispersity of the surfactant aggregates is extremely 
small [8, 9]. 

The solubilization of both ct-DNA and synthetic 
polynucleotides in this microemulsion is extremely easy, 
and is achieved by simply adding the polymer to the 
microemulsion as a water (or buffer) solution and 
stirring for a few seconds. The solutions are stable for 
more than 24 h and DNA does not precipitate and/or 
adsorb onto the glass vessel, as happens for DNA 
solutions in water. 

In aqueous solutions, natural and synthetic polynu- 
cleotides give rise to a broad absorption band in the 
near-UV range, with the maximum at about 260 nm 
[10]; this band is due almost exclusively to the structural 
properties of purine and pyrimidine rings. The extent of 
the absorption of light by these chromophores in the 
polymers depends on the mutual interactions of their 
dipole transition moments. This dependence is particu- 
larly noticeable when the chromophores are both close 
to one another and correlated in spatial orientation, 
conditions occurring in a double helical structure. Any 
phenomenon which causes the separation of the two 
threads (denaturation) is revealed by an increase in the 
intensity of the absorption maximum. 
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In order to test if the main features of the DNA are 
retained in the microemulsion, two simple experiments 
were performed. 

In the first experiment, two microemulsive systems, 
one containing a single-strand synthetic polyA and the 
other a single-strand synthetic polyT, were prepared and 
each put in one of the two compartments of a tandem 
cell. The concentration of the two guest molecules 
(in monomer units) was the same. The resulting UV 
spectrum is still characterized by the well-known 260 nm 
absorption band, as shown in Fig. 1. On mixing the two 
reverse micellar solutions, the classical hypochromic 
effect, which follows the formation of the Watson-Crick 
double helix structure, is seen, indicating that the 
biopolymers in the microemulsion behave as they would 
in water. Such similarity of behaviour is also confirmed 
by measuring the hypochromic effect, which is close to 
that observed for the same system in buffer solutions 
[10]. 

In the second experiment, the behaviour of both 
ct-DNA and polyAT on dilution, in buffer and in 
microemulsion solutions, was compared. 

The UV spectra of natural and synthetic DNA in 
buffer solutions were acquired at increasing dilutions. 
The linearity of the plot of the absorbance at 260 nm 
(A 260 ) as a function of the polymer molar concentration 
indicates that the Beer-Lambert law is followed in the 
concentration range explored. 

The result of an analogous study in microemulsions 
is quite different. The dilution experiment cannot be 
performed by the simple addition of solvent to the 
concentrated “mother” microemulsion containing DNA 
or polyAT, since this would render the w/o interface 
poorer in cosurfactant, and eventually cause demixing 




Wavelength (nm) 

Fig. 1 Hypochromic effect for polyA and polyT upon duplex 
formation in CTAB reverse micelles ([CTAB] = 100 mM, Pq = 8.65, 
tFo = 1 5.0): J - before mixing, 2 - after mixing ([polynucleotide] = 6.65 
10“^ M in monomer units) 



[8, 9]. Dilution with a mixture of n-hexane and 
«-pentanol in the appropriate ratio, on the other hand, 
would progressively modify the value of Fg, leading to 
changes in the microemulsion structure [9]. 

To overcome these drawbacks, a different approach 
was adopted. The mother microemulsion containing the 
guest polynucleotide, either ct-DNA or polyAT (filled 
micelles), was mixed, with brief stirring, with increasing 
amounts of a microemulsion of exactly the same 
composition, but without the guest macromolecule 
(empty micelles). The UV spectra of these solutions are 
still characterized by the broad band at 260 nm, 
meaning that even in the confined system the polynu- 
cleotides adopt a conformation similar to that adopted 
in water. However, the absorbance value (A 260 ’) is 
always greater than in buffer (^gS) and the ratio A^i^j 
increases as the polymer concentration is dimin- 
ished. Moreover plots of as a function of the 

polymer molar concentration are not linear, the loss of 
linearity becoming more evident as the concentration 
decreases. This implies that in microemulsions the molar 
extinction coefficients of both ct-DNA and polyAT are 
not constant (Fig. 2) or, more likely, that some struc- 
tural modifications are induced in the biopolymers by 
the microemulsion. The deviation from the Beer-Lam- 
bert relationship could arise, for example, from electro- 
static interactions between the cationic micellar wall and 
the anionic backbone of the polymers, which could lead 
to the formation and/or to the stabilization of partially 
denatured areas of the duplex. These local denaturations 
would present hyperchromicity that would account for 
the experimentally observed increase in the absorbance 
seen on increasing the [CTAB]/[DNA] ratio. It must be 
pointed out that these local denaturations have been 




Fig. 2 Effect of dilution on the molar extinction coefficient of polyAT 
in the microemulsion ([CTAB] = 100 mM, Po = 8.65, Wq = 15.0) 
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found in both natural and synthetic polymers in buffer 
solutions when melting experiments have been perform- 
ed, and the thermal denaturation followed by UV 
spectroscopy and viscosity measurements [11]. 



Conclusions 

From the experiments presented in this paper, it is 
evident that the solubilization of even high-molecular- 
weight DNA in microemulsions does not alter its main 
properties; the base pairing process is still consistent 
with the Watson and Crick model, as assessed by the 
hypochromic effect. Flowever, on dilution, positive 
deviations from the Beer-Lambert law are observed in 
the confined system. This behaviour is presently under 



investigation using CD (circular dichroism) spectroscopy 
to test whether the observed deviations are due to the 
stabilization of partially denaturated areas of the 
biopolymer or to specific interactions of the polyanions 
with the micellar cationic wall. 

Similar investigations will be performed, varying the 
fFo value to verify a possible role of the water activity in 
conditioning the conformation adopted by the DNA in 
microemulsions. This will be carried out together with 
denaturation experiments, using both chemical (alkaline 
and/or acid denaturation) and physical (melting profiles) 
approaches. 

Acknowledgement The “Consorzio Interuniversitario per lo Svi- 
luppo dei Sistemi a Grande Interfase - C.S.G.I. (Firenze)” and 
MURST (Italy) Prog. Naz. Cofinanziati 1998 are acknowledged 
for their financial support. 



References 



1. Berman HM (1994) Curr Opin Struct 
Biol 4:345; Khochoyan M, Leroy JL 
(1995) Curr Opin Struct Biol 5:329-333 

2. Watterson JG (1987) Biochem J 248: 
615-617 

3. Boom R, Sol CJA, Salinas MMM, 
Jansen CL, Wertheim-Van Dillen 
PME, Van Der Noordaa J (1990) 
J Clin Microbiol 28:495-503 

4. Otting G, Wuthrich K (1989) J Am 
Chem Soc 111:1871; Otting G, 



Liepinsh E, Wuthrich K (1991) Science 
254:974-980 

5. Saenger W, Hunter WN, Kennard O 
(1986) Nature 324:385-388 

6. Bohler C, Bannwarth W, Giustini M, 
Luisi PL (1993) Helv Chim Acta 76: 
1341-1351 

7. Giustini M (1994) PhD Dissertation, 
University “La Sapienza”, Rome, Italy 

8 . Giustini M , Palazzo G, Colafemmina G, 
Della Monica M, Giomini M, Ceglie 



A (1996) J Phys Chem 100:3190- 
3198 

9. Colafemmina G, Palazzo G, Bales- 
trieri E, Giomini M, Giustini M, 
Ceglie A (1997) Progr Colloid Polym 
Sci 105:281-289 

10. Cantor CR, Schimmel PR (1980) In: 
Biophysical chemistry, part II, chap 7. 
Freeman, New York 

11. Gennis RB, Cantor CR (1972) J Mol 
Biol 65:381-399 





Progr Colloid Polym Sci (1999) 112:93-97 
© Springer-Verlag 1999 



EMULSIONS AND MICROEMULSIONS 



F. Bordi 
C. Cametti 
A. Di Biasio 



Effect of short-range attractive interactions 
on the low-frequency electrical conductivity 
of water-in-oil microemulsions 



F. Bordi 

Sezione di Fisica Medica 
Dipartimento di Medicina Interna 
Universita di Tor Vergata 
Rome, Italy 

F. Bordi 

Istituto Nazionale di Fisica della Materia 
(INFM), Unita’ di Roma I, Rome, Italy 

C. Cametti 

Dipartimento di Fisica, Universita di Roma 
“La Sapienza”, Rome, Italy 

C. Cametti (E3) 

Istituto Nazionale di Fisica della Materia 
(INFM), Unita’ di Roma I, Rome, Italy 
e-mail: cesare.cametti@roma 1 .infn.it 
Fax: +39-0644-63158 

A. Di Biasio 

Dipartimento di Matematica e Fisica 
Universita’ degli Studi di Camerino 
Camerino, Italy 

A. Di Biasio 

Istituto Nazionale di Fisica della Materia 
(INFM), Unita’ di Roma I, Rome, Italy 



Abstract In this paper we report on 
low-frequency electrical conductivity 
measurements in water-in-oil micro- 
emulsion systems, formed using four 
different organic solvents («-pen- 
tane, «-octane, «-decane and carbon 
tetrachloride) at different water- 
to-surfactant molar ratios W, in the 
temperature range 5-60 °C (up to 
the stability limit of the single phase 
system). To evaluate the effects of 
short-range attractive interactions 
between surfactant-coated water 
droplets, the composition of the 
microemulsion has been appropri- 
ately adjusted by maintaining the 
distance between two adjacent 
droplets constant. The experimental 
data have been analyzed considering 
the currently stated charge fluctua- 
tion theories; the excess free energy 
associated with the whole charging 



process has been evaluated for the 
different solvents investigated. The 
results presented here give further 
support to the theory that inter- 
droplet interactions are due to the 
interdigitation of the surfactant tails 
and solvent phase molecules. 



Key words Short-range attractive 
interactions - Low-frequency elec- 
trical conductivity - Water-in-oil 
micro-emulsion 



Introduction 

Microemulsions are complex systems, consisting of 
water and oil domains separated by surfactant mono- 
layers. Within certain ranges of composition and 
temperature, microemulsions consist of discrete surfact- 
ant-coated water droplets dispersed in a continuous oil 
phase (water-in-oil microemulsions or reverse micellar 
phases). Sodium bis (2-ethylhexyl) sulfosuccinate [AOT] 
is a common surfactant, appropriate for the formation 
of inverted micelles; it is a two alkyl chain surfactant 
with a relatively small hydrophilic head group, com- 
posed of a sulfonate ion, a sodium counterion and two 
ester groups. The size of the inverted micelles in AOT- 



water-oil microemulsions depends specifically on the 
molar ratio of water to surfactant; it has been deter- 
mined by various techniques such as ultracentrifugation 
[1], static and dynamic light scattering [2], small-angle 
neutron scattering [3], small-angle X-ray scattering [4] 
and time-resolved luminescence methods [5]. 

Water-in-oil microemulsions have attracted attention 
not only because of their practical interest in applica- 
tions such as the catalysis of small molecules and 
biopolymers [6, 7], as drug delivery systems [8], and as 
models to study hydration in biological membranes [9], 
but also because their wide variety of morphologies 
make them a very interesting model system in the study 
of the structure and dynamics of complex fluids. 
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The electrical conductivity of water-in-oil microemul- 
sions has been extensively investigated both below the 
percolation threshold, where the system behaves essen- 
tially as a collection of charged water particles, and 
above or close to percolation, where a different behav- 
iour prevails, dominated by the existence of transient 
conducting pathways between extended microemulsion 
domains. 

In recent studies [10, 11], the electrical conductivity a 
of water-in-oil microemulsions, formulated with AOT in 
carbon tetrachloride (CCI4) and in three different alkanes, 
n-pentane, «-heptane, n-decane, was measured in a wide 
range of compositions and temperatures; the activation 
energies A.E of the whole conducting process, due to water 
droplet ionization, were evaluated. An interesting feature 
observed in the behaviour of Ais as a function of the 
water-to-surfactant molar ratio W, i.e. as a function of 
the radius of the surfactant-coated water droplets, is that 
the value of Ais depends on the chain length of the oil 
component. The conductivity process is favoured as the 
chain length increases, passing from CCI4 to n-decane, 
and approaches the length of the surfactant molecules 
(AOT, in this case) at the interface between the water core 
and the external continuous medium. This effect was 
qualitatively justified as due to the increased interaction 
between water droplets, favouring their charging, that 
occurs when droplets come close enough to fuse, form a 
transient dimeric aggregate and then redisperse. Since the 
different microemulsions were prepared by maintaining 
the volume fraction O of the surfactant-coated water 
droplets at a constant value (0 = 0.1), the distance 
between water droplet surfaces varied as W changed. 
Consequently, the derived energy Ais could consist of two 
different contributions: the electrostatic interaction be- 
tween two charged water droplets, and an attractive 
interaction resulting in the interdigitation of the surfact- 
ant tails and the solvent molecules, whose effect should 
depend, on a first approximation, on the distance between 
the particle surfaces. 

To investigate further the effect of different continuous 
media on the electrical conductivity processes governed 
by charge fluctuations, we carried out an extensive set of 
measurements for four different microemulsion systems 
(formulated with CCI4, «-pentane, n-octane and n- 
decane), maintaining the distance between water particle 
surfaces constant. The composition of each microemul- 
sion was adjusted by varying the volume fraction O and 
the water-to-surfactant ratio W, to give a distance / of 
about 50 A between the oil-surfactant interfaces of two 
adjacent droplets. The activation energies Ai? were 
evaluated from the slope of the linear portion of the plots 
of In(ff) versus 1/T, assuming an Arrhenius-type temper- 
ature dependence of the electrical conductivity. Their 
values, in the range 20-50 kJ/mol, provide further 
support for the ionization mechanism, caused by the 
exchange of aqueous content when droplets coalesce and 



then redisperse, as responsible for the observed conduc- 
tivity; moreover, they demonstrate the influence of the 
oil-phase characteristics on the attractive interactions 
between neighbouring water droplets. 



Experimental 

AOT (purity 99%) was purchased from Sigma (St. Louis, Mo.) and 
used as received. The alkanes («-decane, «-octane and «-pentane) 
and CCI 4 were obtained from Aldrich, USA. The water used was 
distilled and deionized water with an electrical conductivity lower 
than 10 ^^ £ 2 “' cm“‘, at room temperature. 

Conductivity measurements were performed on AOT-water-oil 
microemulsion systems for the alkanes «-decane, «-octane and 
«-pentane and for CCI 4 . The composition of the microemulsions is 
given in terms of W, the water-to-surfactant molar ratio, and O, the 
volume fraction of the surfactant-coated water droplets. These 
parameters were varied from W=5to W= 20 and from (h = 0.05 to 
<J> = 0.15, and the composition of each microemulsion was adjusted 
to give a fixed distance between the water droplet surfaces. This 
condition implies that the radius of the water droplets, essentially 
determined by W, changes appropriately as the volume fraction <J) 
is varied. The radius R^. of the water core depends on W according 
to the expression: 




where V is the volume of an individual water molecule, Uh and qq 
are the average volume and the area occupied by the surfactant 
head group, respectively. The hydrodynamic radius of the 
surfactant-coated water droplet can be calculated according to the 
relation 

R(\ = + (5 

where 5 is the length of the surfactant molecule (5 = 1 .05 nm in the 
case of AOT, without the SO 3 " group). 

The distance between the droplet surfaces was chosen to be 
/ = 48.9 A. In all the experiments, the radius of the water droplets 
varied from R^ = ll A. to I ?4 = 45 A as W varied from IT=5 to 
W=20 and correspondingly, the volume fraction changed from 
<D = 0.057 to <D = 0.14. 

The conductivity measurements were carried out in the temper- 
ature range 5-60 °C, within 0.1 °C. For some microemulsions, the 
upper temperature limit was lowered because of phase separation. 



Theory 

The electrical conductivity associated with a charge 
fluctuation mechanism can be described on the basis of 
the following reaction; 

«o + «o (2«o) + («^) 

where the fusion of two adjacent droplets forms a short- 
lived dimer, whose subsequent break down results in two 
separate charged droplets with a random charge distri- 
bution. The rate constants k^, and kj, k_i refer to the 
dimer formation and to those dissociations that are 
effective in the charging process. Within this scheme, the 
electrical conductivity can be written as [10, 11]: 
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where O is the volume fraction of the surfactant-coated 
water droplet, the hydrodynamic radius, (ze) the 
electrical charge of each droplet and rj the viscosity of 
the oil phase. The equilibrium constant, K= 
of the overall process can be related to the excess free 
energy AE, associated with the charging of a neutral 
droplet, according to the relation 



^ _ kjk\ 
krk^X 



exp 




( 2 ) 



where k^Tis the thermal energy. Equation (1) allows the 
energy AE to be evaluated from the measured reduced 
conductivity n/O. 



Results and discussion 

A typical behaviour for the temperature dependence of 
the electrical conductivity cr is presented in Fig. 1 for the 
water/AOT/«-decane microemulsion system, with the 
composition W= 18 and 0 = 0.132. As can be seen, two 
different regimes occur. At lower temperatures, the 
conductivity is essentially due to the transport of 
charged water droplets, whose ionization is caused by 
charge fluctuation driven by temperature, and the 
increase in conductivity is governed by the droplet 
diffusion (charge fluctuation model [12-15]). At higher 
temperatures, the logarithm of the conductivity exhibits 
the characteristic sigmoidal behaviour of percolation 
[16, 17], and the conductivity increases by three or four 
orders of magnitude. Both these regimes are seen in 



Fig. 1, with the temperature at which percolation 
occurs and the linear dependence of In(cr) versus l/T, 
according to an Arrhenius-type behaviour, in the 
Brownian regime (see inset in Fig. 1). These features 
are common to all the microemulsions investigated, 
independent of the molecular weight and, more gener- 
ally, of the chemical characteristics of the oil solvent 
employed. 

The effect of the different oil phases (i.e., «-decane, 
«-octane, n-pentane and carbon tetrachloride) on the 
electrical conductivity, a, of the microemulsions inves- 
tigated, with varying droplet radii (i.e. by varying IV) 
and concentration (i.e. by varying O) is presented in 
Figs. 2-5. As we have stated above, for each determi- 
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Fig. 2 The electrical conductivity of a water/ AOT/n-decane micro- 
emulsion as a function of O, at selected temperatures: O T= 10 °C, □ 
r= 20 °C, O 7’= 30 °C, A r= 40 °C. For each value of O, the water- 
to-surfactant molar ratio has been adjusted to make the distance 
between the water droplet surfaces constant. W varies from 4 to 20 
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Fig. 3 The electrical conductivity of a water/AOT/n-octane micro- 
emulsion as a function of <J>, at selected temperatures: O T= 10 °C, □ 
r= 20 °C, o 7’= 30 °C, A r= 40 °C, V r= so °C. For each value of 
<J>, the water- to-surfactant molar ratio has been adjusted to make the 
distance between the water droplet surfaces constant. W varies from 5 
to 18 



Volume fraction 4> 

Fig. 5 The electrical conductivity of a water/ AOT/CCI4 microemulsion 
as a function of O, at selected temperatures: O T= 10 °C, □ T= 20 °C, 
O 7’= 30 °C, A r= 40 °C, V r= 50 °C. For each value of <3>, the water- 
to-surfactant molar ratio has been adjusted to make the distance 
between the water droplet surfaces constant. W varies from 5 to 20 




Volume fraction 3> 



Fig. 4 The electrical conductivity of a water/ AOT/«-pentane micro- 
emulsion as a function of <1>, at selected temperatures: O T= 10 °C, □ 
7’=20 °C, O 7’= 30 °C. For each value of <3>, the water-to-surfactant 
molar ratio has been adjusted to make the distance between the water 
droplet surfaces constant. W varies from 6 to 20 



nation the parameters W and O were adjusted to 
maintain the distance between the particle surface 
constant. In this way, the contribution of the interfacial 
layer should be separated from those due to droplet- 
droplet electrostatic interactions, which occur when W 
is varied with O constant. 

A very interesting aspect is the pronounced maximum 
in the conductivity as a function of the volume fraction 
O, observed in all the microemulsion systems investi- 
gated. This finding reflects the similar behaviour ob- 
served in the measurements carried out at O = 0. 1 [10, 17]. 

The excess free energies A.E, derived from Eqs. (1) 
and (2) by means of a non-linear least-squares fitting 
procedure, in the temperature region where an Ar- 




Fig. 6 The excess free energy AT? derived from the linear portion of 
the plot Infer) versus 1/Jas a function of the water-to-surfactant molar 
ratio, for the four microemulsions investigated: • = water/ AOT/CCU, 
■ = water/ AOT/«-pentane, T = water/AOT/«-octane, A = water/ 
AOT/«-decane. The microemulsion composition has been adjusted by 
varying the value of (6 to maintain the distance between the water 
droplet surfaces constant. The energy AT? for microemulsions at 
<J> = 0.1 is also shown (from Ref [10]), by comparison: 0 = water/ 
AOT/CCI4, □ = water/ AOT/«-pentane, O = water/AOT/«-heptane, 
A = water/AOT /«-decane 

rhenius-type temperature dependence holds, are shown 
in Fig. 6. As can be seen, these energies (in the range 20- 
50 kJ/mol), clearly depend on the chemical structure of 
the oil phase, and their values decrease as the “length” of 
the oil phase molecules increases. For each component, 
a more or less asymptotic value is reached at values of 
W larger than 1 5-20, where the water droplets are large 
enongh for the amount of water to be in excess of that 
engaged in the hydration of the surfactant head group. 
These values span from AE ~ 33 kJ/mol in the case of 
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CCI4 to A.E ~ 20 kJ/mol in the case of n-decane. More 
sterically favourable interdigitation of the surfactant tails 
and the solvent molecules leads to a smaller activation 
energy required for the water droplet charging process. 

It is worth comparing these results with those 
obtained in similar microemulsion systems [10, 11] 
formulated using a different path in the phase diagram, 
where the ratio W was varied by maintaining the 
volume fraction O constant. In this case, a change in 
the hydrodynamic radius of the water droplets from 
22 A to 45 A (as W varies from 5 to 20) corresponds to 
a change in the interparticle surface distance from 33 to 
66 A. The corresponding AE values, calculated on the 
basis of Eqs. (1) and (2), are also shown in Fig. 6. By 
comparing the AE values in these two different situa- 
tions, it follows that the influence of the droplet distance 
on the charging process is different for the different 



solvents. In the case of «-decane, owing to the favoured 
interdigitation between oil and AOT, the influence of the 
particle distance is negligible, and the overall charging 
process is associated with a low AE value. For the other 
oil phases investigated, we observe that larger particle 
distances correspond to higher AE values, i.e. the process 
requires a higher free energy to become effective. At the 
same hydrodynamic radius (with the same JV), AE is 
higher when the distance / between the particle surface is 
larger, and conversely at lower AE values corresponds 
with smaller values of /. Obviously, the two behaviours 
(at 0 = constant = 0.1 and at / = constant = 49 A) cross 
each other when the two composition parameters 
(IF and O) are equal (this happens for O = 0.10 and 
IF = 12). Moreover, the absolute value of AE decreases 
following the same order for the “length” of the oil 
phase molecules, from CCI4 to n-decane. 
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Abstract We have studied the phase 
behavior and the associated micro- 
structures of microemulsions 
formed by ternary mixtures of per- 
fluorooctanoic acid (PFOA), water 
(H 2 O) and perfluorooctane (PFO). 
In this paper, we report the study of 
a series of non-isometric micro- 
emulsions at 20 wt% of PFOA with 
varying water to oil volume ratios. 
Analysis of small-angle neutron- 
scattering intensity distributions, 
with a clipped random wave (CRW) 
model having a specific spectral 
density function, containing three 
length scales, provides a detailed 
description of the microstructures of 
one-phase, non-isometric micro- 
emulsions. Specifically, we were able 
fo deduce from the analysis the 



average mean, Gaussian, and square 
mean curvatures of the oil-water 
interface in these non-isometric bi- 
continuous microemulsions. The 
CRW model also gives a statistically 
consistent three-dimensional view of 
the interfacial morphology for each 
set of the three length scales. From 
the latter, we find evidence for mor- 
phological fransformations (bicon- 
tinuous to cylindrical to globular) 
occurring within the one-phase 
channel, as the oil-to-water volume 
fraction ratio is varied. 

Key words Phase behaviour of 
microemulsions - Non-isometric 
microemulsions - Interfacial curva- 
tures - Clipped random wave 
model - Morphological transition 



Introduction 

Fluorocarbons (FC) are organic compounds in which 
hydrogens have been partially or totally replaced by 
fluorine atoms; they are water insoluble, chemically and 
biochemically inert as a result of their strong C-F bonds 
(485 kJ/mol, that is 84 kJ/mol more than a regular C-H 
bond), and of a dense coating of electron-rich, repellent 
fluorine atoms that protects the carbon skeleton. One of 
the most striking properties of FC is that they do not mix 
with their hydrogenated homologues (HC) because of 
significantly different conformations of the two chains 
[1]. FC dissolve large quantities of gases (CO 2 , O 2 , CO, 
N 2 , H 2 , He, etc.), more than either HC or water. For 
example, in the case of oxygen, they dissolve up to 25% 
(vol %) more gas than H 2 O [2, 3]. The potential for 
dissolving large amounts of oxygen in FC has stimulated 



several studies with the aim of obtaining reliable blood 
substitutes and breathing liquids [4, 5]. Since FC are 
completely water insoluble at all temperatures, they need 
to be converted to a water-based, bio-compatible system 
before any administration to the body. This type of 
aqueous medium can be obtained by preparing a 
microemulsion in which the water and the fluorinated 
phases are stabilized by an emulsifying fluorinated 
surfactant [6]. Like FC, fluorinated microemulsions are 
usually very stable, optically transparent, with a low 
surface tension, and dissolve large amounts of gases, 
typically oxygen. In order to exploit their wide range of 
potential applications, the phase behavior and associated 
microstructure of microemulsions produced by fluorina- 
ted surfactants with water and FC are of great interest. 
Small-angle X-ray (SAXS) and small-angle neutron 
scattering (SANS) are the two experimental techniques 
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best suited for investigating various microstructures and 
morphologies. Because of the high Z (atomic number) of 
the fluorine atom, and the large coherent scattering 
length of the fluorine nucleus (comparable to that of 
deuterium), a FC exhibits an excellent contrast in SAXS 
and SANS intensities when mixed with HC and water. 

Schubert and Kaler [6] reported phase diagrams of 
some F(CF2),(CFl2CH20)/H non-ionic surfactants form- 
ing microemulsions with water and perflubron, per- 
fluorodecalin, or perfluorotetradecahydrophenanthrene. 
They described the microemulsion phase behavior, the 
existence of a liquid crystalline phase region, as well as 
the effects of i and / on the location and extent of the 
“fish.” Ravey and Stebe [7] reported a detailed study of 
microemulsion systems produced by different fluorina- 
ted and hydrogenated surfactants, and of their mutual 
miscibility, pointing out that the toxicity of a surfactant 
for bio-membranes is strongly related to its capability of 
producing stable mixtures with the natural, hydrogen- 
ated lipids that constitute the membrane. 

In this paper we describe the phase diagrams and 
microstructures of microemulsions formed from per- 
fluorooctanoic acid (PFOA), water and perfluorooctane 
(PFO). SANS experiments were performed on a series of 
non-isometric PFOA/H2O/PFO samples and provided 
a detailed description of the microstructure, interfacial 
curvatures and morphological transition within the one- 
phase channel as a function of water-oil asymmetry. 



Experimental 

Materials 

Pentadecafluorooctanoic acid [perfluorooctanoic acid, CF3-(Cp2)7- 
COOH] was purchased from Fluka (Milan, Italy) and perfluoro- 
octane [CF3-(CF2)6-CF3] from Flura (Newport, Tenn.). PFOA was 
recrystallized from water and kept in a dessiccator under vacuum, 
in the presence of P4O10. 

Phase diagram 

The phase behavior and microstructure of fluorinated microemul- 
sions is similar to that obtained with hydrogenated compounds. At 
constant pressure, the thermodynamic state of a ternary system, 
such as a mixture of water (W), oil (O) and non-ionic surfactant 
(S), can be specified by three independent parameters: the 
temperature T, the volume fraction of water a = v„/(v„ -H Vq), 
and the overall weight fraction of the surfactant y = Sj{S +W+0) 
[8]. Each phase point in the interior of the three-dimensional phase 
prism is then defined by a set of T (the ordinate in the vertical 
direction), o( and y values (the two coordinates defining the position 
in the horizontal plane-Gibbs triangle). 

A vertical section plane at a = 0.5 (an isometric condition) can 
be drawn through the phase prism and the resultant Tjy planner 
phase diagram is usually referred to as a “fish”, because of its 
characteristic shape [9]. The amphiphile concentration at the 
intersection between the fish body and its tail represents the 
efficiency of the surfactant. This is the minimum amount of 
surfactant required to solubilize completely all the water and oil 
in the sample. The intersecting point is then defined by the 



hydrophilic-lipophilic balance (HLB), temperature Jx (about 
42 °C in the microemulsion system we studied) and the character- 
istic surfactant weight fraction yx (13% in this microemulsion 
system), where the middle phase microemulsion in the three-phase 
portion of the phase diagram merges into the one-phase micro- 
emulsion in the one-phase channel. 

The phase behavior of a microemulsion system can also be 
studied by cutting a vertical section through the phase prism, 
parallel to the water-oil side of the Gibbs triangle, at y a little higher 
than yx (for example, in this study, y = 0.2). In this projection of 
the phase prism, there is a narrow channel of macroscopically 
homogeneous solutions that extends from the water-rich to the 
oil-rich side of the phase diagram (see Fig. 1). In the literature this 
Tjtx diagram is usually referred to as “channel cut” [9, 10], where 
the one-phase region looks like a channel, spreading between the 
two-phase regions. This is the phase diagram that we used to study 
non-isometric microemulsions. 

SANS experiment 

The SANS experiment was carried out using a small-angle neutron 
diffractometer (SAND) at the intense pulse neutron source (IPNS) 
in Argonne National Laboratory. SAND uses a pulsed high energy 
protron beam to generate spallation neutrons which, after moder- 
ation, produces a pulse of white neutron beams with wavelengths 
between 1 A and l4 A. All the neutrons are utilized by encoding 
individually their times-of-flights (velocities) and scattering angles 
6, using a 40 X 40 cm^ two-dimensional position-sensitive detector. 

The sample-to-detector distance was fixed at 2.0 m and for this 
configuration the maximum scattering angle is about 9°. The 
reliable Q ( = (47i/2)sin[f)/2], the magnitude of the scattering vector) 
range^ covered in the measurements was from 0.006 A“' to 
0.35 A“'. Sample liquids were contained in flat quartz cells with 
1 mm path length. The temperature of the samples was set using 
a thermostated circulating water bath to an accuracy of 0.1 °C. 
Measured intensities were corrected for background and empty cell 
contributions and normalized by a reference scattering intensity of 
a 1 mm water sample at room temperature. 



The clipped random wave model 

The intensity distribution of SANS from an isotropic, 
disordered two-component (fluorinated and hydroge- 




Fig. 1 Tjci phase diagram of a non-isometric microemulsion system, 
perfluorooctanic acid/water/perfluorooctane (PFOA/H2O/PFO) 
y = 0.2. Crosses indicate the phase points where small-angle X-ray 
(SANS) measurements were made 
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nated parts) porous material can be calculated from a 
Debye correlation function r(r) using the following 
formula [11]: 



POO 

dr 47irVo(0r)r(r) (1) 

Jo 

where (rj^) = (pi(p 2 {pi - is the mean square fluctua- 
tion of local scattering length density, also called the 
invariant, <pi and (p 2 refer to the volume fractions of 
components 1 and 2, and pi and p 2 to the corresponding 
scattering length densities. The Debye correlation func- 
tion r(r) is defined as the normalized correlation function 
of scattering length density fluctuations at two points 
in the sample separated by a scalar distance r. It is 
normalized to unity at the origin and it should decay to 
zero at infinity. The most important property of the 
Debye correlation function for the bulk contrast case, 
with a sharp boundary between two regions with different 
scattering length densities, is that it has linear and cubic 
terms in a small r expansion of the form [12]: 



T(r 



0) ^ l-ar + br^ J 

. 1 S (h 2\ 

4<Pi(l - (Pi) f" V a ) 



( 2 ) 



where a = (5'/f0/4<Pi<P2 is a factor proportional to the 
total interfacial area per unit volume SjV, and the ratio 
of the coefficient of the cubic term to the linear term has 
been given by Kirste and Porod [13] in terms of the 
average interfacial curvatures. 

The average the mean curvature (//), Gaussian 
curvature {K), and the average square mean curvature 
{I-f') are defined respectively as: 




where and R 2 are the radii of curvatures along two 
principal axes at an arbitrary point on the interface, and 
the averages are performed over the whole surface. 

In the random wave model first proposed by Berk 
[14], an order parameter field i/^(r), which is the 
difference between the volume fractions of 1 and 2 at 
a point r, is constructed by superposition of a large 
number N of cosine waves with random phases: 

[2 ^ 

" V At 

V iV 

where directions of the wave vector kj are assumed to be 
distributed isotropically over a unit sphere, and the 
phase <Pi distributed randomly over an interval (0, 2n). 



In constructing the sum, the magnitude of the kj vector 
is sampled from a scalar distribution function f(k) called 
the spectral density function. This order of parameter 
field must be a Gaussian random field, due to the central 
limit theorem in statistics. 

The statistical properties of a Gaussian random field 
are completely characterized by giving its spectral 
density function, or the corresponding two-point corre- 
lation function g(r). We define the two-point correlation 
function by gf(|?i — F2I) = (i/((ri)i/^(r2)) and the associat- 
ed spectral density function f(k) by a Fourier transform 
relationship: 

POO 

0(|?i - ?2|) = / 4nk^jo{k\ti -r 2 \)f{k)dk (5) 

Jo 



This continuous random process with a mean 

square value of unity, is then clipped and transformed 
into a discrete, two-state random process. By clipping, 
we mean assigning a constant value (+ 1) to the function 
whenever the Gaussian random field at that point is 
above a certain “clipping level” called fJ, and a constant 
zero whenever its value is below jJ. The Debye correla- 
tion function computed from the latter two-state 
random process was given by Teubner [15] as: 



T(r) = 1 - 



1 

2n(pi{l - 



(“COS '[g(r)] 



exp 



1 + cos 6 



66 

( 6 ) 



where the volume fraction (p^ of the majority phase is 
given as: 






exp(— x^/2)dx 



(V) 



For an isometric microemulsion, i.e. =0.5 and P = 0, 
Eq. (6) reduces to a well-known result derived by Berk 

[14] . Let {k^} and {k"^} denote the second and fourth 
moment of the spectral density function, we can define a 
useful relationship connecting the second moment of the 
spectral density function to the fundamental quantity of 
a porous material, the interfacial area per unit volume 

[15] : 



S _ 2 
V 71^/3 



(( A : 2 ))‘/" e -^'/2 



( 8 ) 



This relation implies that one of the basic requirements 
for a physically acceptable spectral function is that the 
second moment be finite. 

Next we consider a random surface generated by the 
level set: 



i//(r) = \l/{x,y,z) = p (9) 

where the function y, z) is defined by Eq. (5). 
Teubner [15] has proved a remarkable theorem that for 
this random surface the average mean, Gaussian and 
mean square curvatures are given by: 
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W = C'’* 

(hx=^<‘Xw'+>x 

where = 6(A:"^)/5(A:^)^— 1. So the second require- 
ment for a physically acceptable spectral function is 
that it also has a finite fourth moment. For a 
bicontinuous microemulsion the level surface defined 
by Eq. (9) is approximately the mid-plane passing 
through the surfactant monolayer in a bulk contrast 
experiment. Therefore, the average mean, Gaussian 
and square mean curvatures of the surfactant mono- 
layer can be computed once a physically acceptable 
spectral density function is found. The choice of a 
spectral density function can be based on the criterion 
that when it is substituted into Eqs. (1), (5) and (6) it 
would give an intensity distribution which agrees with 
SANS data in an absolute scale. A suitable form of 
the spectral function has been proposed by Chen and 
Choi [12], which is an inverse eighth order polyno- 
mial in k and which contains three parameters a, b, 
and c. 

The first two parameters, a and b, have their 
approximate correspondences in Teubner-Strey (T-S) 
theory [16]. In T-S theory, the Debye correlation 
function is given by: 

EtsW = e^''/‘=[sin(27ir/fif)/(27ir/fif)] (11) 



\ c{a^ + b^ + bc) _ 2 
6 (b + c) ^ ^ 



(14) 






+ la^b^ + b‘^ + 4a^bc + 4h^c + 4b^c^ + bc^ 
5{a^ + b^ + bc) 



(15) 



When the model fits a set of bulk contrast data 
satisfactorily, so that one can obtain values for a, b, 
and c, Eq. (13), Eqs. (14) and (15) can then be used to 
calculate the respective curvatures. 



Results and discussion 

For the purposes of data presentation, we have intro- 
duced a parameter which gives a measure of the 
deviation from the isometric condition. From Eq. (7), 
which relates the volume fraction of the majority 
component (<pi = c^pfo + 0-875<Ppfoa) to the clipping 
level p, we define; Acpi = <pi — 0.5 = 

X Jq exp(— x^/2)dx. By this definition, A(pi = 0 corre- 
sponds to an isometric case and Acpi = 0.5 to a one- 
component liquid. 

Eigure 2 shows a series of scattering intensities 
measured in the range Acpi = 0.09 to 0.29. Symbols 
have been used to indicate the data and solid lines show 
the fitted curves calculated using the clipped random 
wave (CRW) model. One sees common characteristic 
features exhibited in all of the intensity plots: starting 



The correspondences are; a w Injd and b ~ l/(^, where 
d is the inter-domain (water-water or oil-oil) repeat 
distance and ^ the decay length of the local order [17, 
18]. Parameter c controls the transition from the low Q 
peak to the large Q behavior of the scattering intensity 
distribution. The proper transition is important if the 
correct surface to volume ratio of the system is to be 
incorporated into the theory. 

We choose [12, 19] a spectral function which is an 
inverse eighth-order polynomial for which both the 
second and fourth moments exist; 

/(t)= bc(a'- + (l, + cffRb + c)^-‘ ^ 1 

+ c^)^(G 4- 2(b^ — a^)k^ + {a^ + b^) ) 

Explicit expressions for the curvatures are given in terms 
of the three parameters and the clipping level p 
(determined by the volume fraction of the majority 
phase, calculated according to Eq. (7)) as [20]; 




Q(A') 



iff) 



P fn lc{a'^ + b^ + be) 
2V6y (b + c) 



Fig. 2 Three representative SANS intensity distributions of a non- 
isometric microemulsion system, PFOA/H 2 O/PFO (at 7 = 0.2 and the 
hydrophilic-lipophilic balance temperature) and their analyses using 
the clipped random wave model (solid lines) 
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out at small Q with a high flat intensity, reaching a peak 
at Qi of about 0.04 A“', decaying steeply to a shoulder 
(or a switching point for the slope) at about twice the Q\ 
value, and approaching an asymptotic decay (the 
Porot region) at large Q. It is obvious that the CRW 
model captures all these features well. The three length 
scales extracted; ^/=27l/a, ^=\!b, d=l/c, are displayed 
in Fig. 3. The first obvious feature is that the first two 
length scales decrease sharply as Acpi increases but the 




A(|), 



Fig. 3 The three length scales: d=2n/a, Ijb, 3= Ijc, and the order 
parameter f/d, plotted as a function of A(p\, deviation from isometry. 
Note that the positive Aq>t means that the fluorinated component is 
the majority phase 

Fig. 4 The average Gaussian curvatures {K) and the average square 
mean curvatures (/F) of non-isometric microemulsions. Note the 
magnitude of {K) is about 6 times smaller than that of {H^). b The 
average mean curvatures {H} plotted as a function of A(pi 




A<t>, 



ratio ^jd, which is a measure of the degree of local 
order [18], also decreases. However, compared with 
other isometric microemulsions made using hydrogenat- 
ed surfactants, the microemulsion made with a fluorina- 
ted surfactant seems to have a higher degree of order. 
For example, we have previously determined [21] results 
for sodium bis (2-ethylhexyl)sulfosuccinate (A0T)/D20 
(0.6% NaCl)/decane {^jd=QAQ at y = 0.19) and for 
CioE4/D20/H-decane (^/c/=0.50 at <Ps = 0.125). These 
should to be compared with c^/tf=0.82, for a nearly 
isometric PFOA/H2O/PFO microemulsion at 7 = 0.2. 
The next point to notice is that d, interpreted as the 
persistence length of the water-oil interface [22], stays 
nearly constant at about 10 A. This is somewhat larger 
than the values obtained from the other two microemul- 
sion systems quoted above, presumably due to the fact 
that the surfactant monolayer on the interface in the 
fluorinated microemulsion is stiffer compared to its 
hydrogenated homologues. 

Figure 4a shows the average mean curvature {H) 
calculated by Eq. (13), as a function of A<pi. The trend of 
the curve indicates that at the isometric condition the 
average mean curvature is zero. As Acpi increases from 
zero, (H) initially increases linearly, curving towards 
water, and as A<pi grows larger, (H) becomes qnadratic. 
Eigure 4b gives the average Gaussian and square mean 
curvatures computed by Eqs. (14) and (15). Tip to the 
largest value of A<pi = 0.29 measured, the (K) stays 
nearly constant and negative, signifying the local 
saddle-point configuration of the water-oil interface 
(bicontinnous structure). Although the average square 
mean curvature shows a minimum in the vicinity of 
A<pi=0.15 to 0.20, its origin is still obscure. At this 
point, visualization of the three-dimensional interfacial 
structures can offer additional insight. Figure 5 depicts 
three interfacial morphologies of PFOA/H2O/PFO non- 
isometric microemulsions at A(pi = 0.0918, 0.2075 and 







a) b) 
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3D Simulations and SANS Scattering Intensities 



A(|)| =0.0918 



A<|), = 0.2075 



A(|>, = 0.2906 




(Box Size = 300 x 300 x 300 A^) 






Fig. 5 Morphological transition (from a local saddle point configu- 
ration to a cylindrical morphology, to a nearly isolated globular 
structure) within the one-phase channel of the PFOA/H2O/PFO 
microemulsion system, as a function of the increasing deviation from 
isometry 



0.2906 respectively, generated by Eq. (9) using the 
spectral density function of Eq. (12). The three values 
of Acpi correspond to a nearly isometric microemulsion, 
the non-isometric microemulsion at about the minimum 
of (H^), and the least isometric microemulsion studied. 
From left to right in Fig. 5, the first picture clearly 
displays a bicontinuous structure with interpenetrating 
water and oil domains. The scattering intensity shows a 
sharp peak, indicating a fair degree of ordering. The 
second (middle) picture shows a tendency to form local 
tubular (cylindrical) bicontinuous structures. This pic- 
ture helps us to understand the origin of the minimum in 
(H^). From the definitions of cuvatures in Eq. (3), it can 
be easily shown that; 




From these pictures (Fig. 5 left and centre) it can be seen 
numerically that the minimum of (//^)corresponds to 
the minimum of the right-hand side (RHS) quantity in 
Eq. (16). This means that one condition for the mini- 
mum of {H^) corresponds to one of the principal radii 
becoming infinity. If we further increase Acpi, the 
microemulsion will start to break up into isolated water 
domains in oil, as suggested by the interfacial morphol- 
ogy of the RHS picture (Fig. 5). The scattering pattern 
no longer shows a prominent peak, indicating that this 
initial stage of a water-in-oil microemulsion is relatively 
disordered. 
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Abstract The presence of trichloro- 
fluoromethane hydrate in bulk water 
and in water-in-oil emulsions has 
been detected by differential scan- 
ning calorimetry. Hydrates have 
been observed during the heating of 
samples introduced into the head of 
a calorimeter. The amount of hy- 
drate crystals was found to be de- 
pendent on the sample volume, the 
temperature reached during the 
cooling performed prior to the 
heating, and the time spent at the 
subambient temperature. These re- 
sults confirm the kinetic aspects of 



hydrate formation and show that ice 
crystals may act as hydrate nucleat- 
ing agents. Furthermore, two poly- 
morphic forms are suspected to 
exist, but this must be confirmed by 
another technique. 



Key words Clathrate hydrate - 
CCI 3 F - Water in oil emulsion - 
Calorimetry 



Introduction 

At low temperature and under high pressure conditions, 
present in off-shore oil and gas exploitation and 
processing, water molecules may incorporate some 
natural gases and form crystalline ice-like compounds, 
called clathrate hydrates. During the multiphase trans- 
port of crude oil, water and natural gases, these 
conditions may occur, leading to the formation of 
clathrate hydrates, which in turn can lead to serious 
problems such as plugs in pipelines. The interest of the 
oil industry in these hydrates has, consequently, given 
rise to some extensive studies [1]. In order to avoid 
hydrate formation, thermodynamic approaches have 
been used to a great extent but without success. It was 
then proposed that surfactants be added in order to 
form emulsified clathrate hydrates. In this way, trans- 
portation is made easier, agglomeration is reduced and 
it is possible to recover components by breaking the 
emulsions formed [2, 3]. In order to obtain information 
about the formation of emulsified hydrates, different 
studies dealing with hydrate formation in a model water- 



in-oil emulsion have been undertaken, using time- 
domain dielectric spectroscopy [4, 5]. In this paper, it 
is shown that by means of differential scanning calo- 
rimetry (DSC) on the emulsions, it is possible to detect 
hydrate formation through the energy involved in the 
melting of the hydrates formed during cooling of the 
emulsions. This work has been carried out in collabo- 
ration with Professor Sjoblom’s team. In order to obtain 
more information on the hydrates themselves, their 
formation in bulk water has been studied by DSC. 



Material and methods 

Bulk hydrate crystal formation was studied using a DSC 1 1 1 
Setaram calorimeter. The volume of the calorimeter cell is 
approximately 250 fi\. Due to the insolubility of CCI 3 F in water, 
and the small size of the cell, the hydrate crystals had to be 
prepared outside the cell. Hydrates were obtained in a beaker by 
adding CCI 3 F to bulk water in stoichiometric proportions at 1 °C, 
under constant vigorous stirring for at least 1 h. The prepared 
crystals were introduced into an aluminium cell and put in the 
calorimeter head at 1 °C. The conversion of water into hydrate 
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crystals is never complete; therefore some of the bulk water always 
remains within the crystals. It was necessary to determine the mass 
of the crystals in order to calculate the enthalpy of hydrate 
dissociation. For that purpose, the cell was cooled from 1 °C 
to -34 °C to freeze the enclosed water, followed by heating to 
14 °C to observe ice melting and hydrate dissociation. 

Hydrate formation in dispersed systems was studied using a 
DSC 2 Perkin Elmer calorimeter. For that purpose a sample was 
introduced into an aluminium cell, the volume of which was around 
20 jA, placed in the calorimeter head and submitted to various 
cooling-heating cycles (rates: 2.5-5 °C/min). 

The materials used for making the emulsions are described in 
detail in Ref [3]. Using a mixer (Polytron PT 3000 at 7200 rpm for 
10 min), deionized water containing 1 wt% NaCl was dispersed in 
an oil phase consisting of a mixture of aliphatic and cycloaliphatic 
hydrocarbons (Exxol D-80). The commercial surfactant used was 
the non-ionic, tetraoxyethylene nony 1-phenyl ether (Berol 26). 
After mixing, the emulsion was cooled to 3 °C, the temperature 
at which hydrate formation is expected to take place. According 
to Ref. [3], as soon as this temperature is reached CCI 3 F should 
be added and is believed to dissolve in the oil phase. The amount 
of CCI 3 F added was 1.0 mol ratio relative to water. 



Results and discussion 

Bulk samples 

The melting thermogram of the bulk hydrate crystals 
obtained by subsequent heating is shown in Fig. 1. The 
range of temperatures between -34 °C and -12 °C is not 
presented because no signals were observed. 

Two separate signals (I and II) are observed, one 
starting at about 0 °C (I) and the second at about 10 °C 
(II). The first signal has been attributed to melting of the 
ice formed during cooling, and the second signal at 
10 °C has been attributed exclusively to the dissociation 
of hydrate crystals. CCI3F forms a hydrate which is 



stable up to 8.5 °C and has the composition CCI3F • 16.6 
H2O [6]. The energy of hydrate dissociation is given by 
the following expression; 

j ^^hydrate 

Ehydrate — 

hydrate 

The mass of the hydrate crystals Whydrate is calculated by 
taking the difference between the total sample mass and 
the water mass. The mass of water is deduced from the 
area of the ice melting peak (I), which gives the energy 
involved during the transition and permits us to 
determine the quantity of water, knowing its latent heat 
of fusion. A//hydrate IS deduced from the area of signal II. 
Using this method, the enthalpy of hydrate dissociation 
is estimated to be 234 J g“'. 



Dispersed systems 

No hydrate crystals were observed when the emulsion 
was maintained at 3 °C for 2 h without stirring. This 
result is in agreement with the statement that kinetic 
effects have to be taken into account during hydrate 
formation [7, 8]. Therefore, nucleation phenomena and 
the probability of hydrate formation, involving param- 
eters such as time, temperature and volume of sample, 
have to be considered. Another factor which has to be 
taken into account is the influence of nucleating agents 
promoting nucleation. The results obtained from 
working with bulk systems have shown that ice crystals 
could be hydrate nucleating agents, insofar as the 
hydrate crystal formation in bulk iced water is 
immediate. This point was proved by the following 
experiment. The emulsion was regularly cooled from 



Fig. 1 First cycle thermogram 
showing the melting of ice and 
dissociation of hydrate 
crystals formed in bulk water 
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Fig. 2 Thermogram showing 
the melting of ice and hydrate 
crystals formed in a water-in-oil 
emulsion cooled to -50 °C 
prior to heating 




10 °C to -50 °C to achieve complete freezing of the 
water droplets dispersed within the emulsion [9]. 
Figure 2 shows the thermogram of the emulsion sample 
obtained during the heating process performed imme- 
diately after cooling. 

Three melting signals are noticeable. The first signal 
around 0 °C represents the ice melting, and the two 
subsequent signals are attributed to the presence of 
CCI 3 F inside the emulsion, insofar as they are not 
observed when emulsions without CCI 3 F are studied 
under the same conditions. From these experiments, it 
seems that two polymorphic forms of hydrates exist. 
Furthermore, the corresponding temperatures, namely 
3 °C and 9 °C, are in agreement with the data found in 
the literature, where two dissociation temperatures are 
given: 4.4 °C [4] and 8.5 °C [ 6 ]. The melting peaks do 
not overlap so it was possible to calculate roughly the 
yield of the hydrate formation expressed as the ratio of 
the mass of crystals actually formed to the theoretically 
expected mass of crystals; 

Y ^h(emulsion) ih(buik) 

^h(theoretical) ^h(theoretical) 

considering that the energy of dissociation of the two 
polymorphic forms is equal to 209 J g”^ deduced from 
the bulk experiments. During the process of hydrate 
formation, the concentration of NaCl in the 
aqueous phase increases. The mass of hydrate crystals 
"^hydrate (theoretical) cxpcctcd is Calculated by taking into 
account the fact that hydrate formation is totally 
inhibited when the salt concentration reaches a level of 
about 3%. The yield Y was found to be about 15%. In 
order to improve this yield, various thermal treatments 
have been tested. 



Figure 3 shows the thermogram obtained during the 
heating of an emulsion which had been previously 
cooled to -50 °C, thereafter heated to 3 °C, maintained 
at this temperature for 15 min and recooled to -50 °C. 
The signals obtained are more difficult to interpret due 
to their overlap. Nevertheless, part of the signal 
belonging to the lowest temperature, around 0 °C, 
can be attributed to the ice melting and the remaining 
part to the hydrate crystals melting. It appears from 
these first experiments that the quantity of hydrate 
crystals formed increases with the number of cooling- 
melting cycles performed. 

Figure 4 shows the thermogram obtained during the 
heating of an emulsion which had been previously 
cooled to -23 °C and maintained at this temperature for 
15 min. Ice melting is noticeable at around 0 °C, 
followed by the melting of the two polymorphic hydrate 
crystals. Under these conditions, more hydrate crystals 
were obtained as well. 



Conclusions 

The results obtained by DSC of emulsions containing 
water droplets and CCI 3 F in the oil phase show that 
DSC is a suitable complementary technique for studying 
hydrate formation within emulsions. Temperature is 
easy to control and the temperature gradient can be 
changed as necessary. In doing so, two polymorphic 
forms of hydrate crystals have been singled out that 
are especially evident in dispersed systems. Ice crystals 
have been found to act as hydrate nucleating agents. 
A further study will be undertaken to determine more 
accurately the energies of hydrate dissociation, which 
are useful in the study of kinetics. The calculation of the 
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Fig. 3 Thermogram showing 
the influence of a previous 
cooling-heating cycle on the 
amount of hydrate crystals 
formed in the emulsion 




Fig. 4 Thermogram showing 
the influence of the maintaining 
the emulsion at -23 °C on the 
amount of hydrate crystals 
formed in the emulsion 



Thermal cycle: 
10°C 20X 



-23°C 

waiting time 
15 minutes 




approximate yield of hydrate formed shows that the 
kinetic aspect is confirmed. The fact that the melting 
peaks overlap represents a disadvantage in studying the 
kinetics, but more information is expected from the 
study of the energies involved and from the behaviour of 
the emulsions during cooling. 
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Abstract Measurements of some 
physico-chemical properties 
(density, viscosity, conductance, in- 
fra-red spectra) of water/copper(II) 
bis(2-ethylhexyl) sulfosuccinate 
(Cu(DEHSS) 2 )/CCl 4 microemul- 
sions, as a function of the volume 
fraction 0 of the dispersed phase 
(0 < 0 < 0.6) and of the molar 
ratio R (R = [water]/[DEHSS“]), 
have been performed at 25 °C. At 
each value of R, the density of the 
micellar phase is practically inde- 
pendent of 0 whereas the viscosity 
of microemulsions diverges above 
threshold 0 values. A divergent 



behavior for the electrical conduc- 
tivity has also been observed but 
only at certain R values. These 
results, together with those from 
infra-red spectra, suggest that in 
percolated microemulsions nearly 
structurally unperturbed reversed 
micelles aggregate, forming an 
extended network sustained by 
topological hindrances and/or 
intermicellar interactions. 

Key words Microemulsions - 
Reversed micelles - Copper(II) 
bis(2-ethylhexyl) sulfosuccinate - 
Percolation 



Introduction 

0ne of the few surfactants able to form well-defined 
micellar aggregates in apolar solvents is sodium bis(2- 
ethylhexyl) sulfosuccinate (NaDEHSS) [1, 2]. In such 
nanometer-sized dynamical aggregates, called reversed 
micelles, the NaDEHSS molecules are assembled so that 
the polar heads form an inner hydrophilic micellar core 
and the hydrocarbon tails are arranged in a nearly 
ordered apolar palisade monolayer [3]. 

Water, as well as other hydrophilic compounds, 
is easily solubilized within the polar micellar core, 
allowing the size of the reversed micelles to vary over a 
large range (10-200 A) [4, 5]. Water solubilization in the 
micellar core not only swells the NaDEHSS reversed 
micelles into nearly spherical aggregates [1] but also 
progressively dissociates the surfactant ionic head 
group. It has been suggested that both these effects 
have a strong influence on the exchange process of 
surfactant anions between contacting reversed micelles 
which, in turn, influence the intermicellar interactions 



and the formation of clusters of reversed micelles [6, 7]. 
In suitable conditions, the mean dimensions of these 
clusters, triggered by topological hindrances and/or 
intermicellar interactions, increase dramatically, leading 
to the formation of a network of reversed micelles 
extending for macroscopic distances. 

From the experimental point of view, the occurrence 
of this percolative phenomenon is characterized by a 
diverging behavior of some physico-chemical properties 
of the system (viscosity, conductance, low frequency 
permittivity, ultrasonic absorption) with the volume 
fraction 0 of the dispersed phase, whereas other 
properties of the micellar phase (such as density, 
refractive index and adiabatic compressibility) show 
monotonic trends in the same 0 range [6, 8, 9]. Such 
findings allowed us to hypothesize that in percolated 
microemulsions, the NaDEHSS reversed micelles en- 
gaged in micellar clusters retain their closed structure 
with negligible structural changes [10, 11]. 

In spite of a large number of investigations on 
NaDEHSS stabilized microemulsions of water, only a 



no 



few studies have explored the effect of the nature and 
charge of the counter-ion associated with the DEHSS~ 
anion on the structural and dynamical properties of the 
reversed micelles and on their percolative behavior 
[12, 13]. Previous investigations on water/copper(II) bis- 
(2ethylhexyl) sulfosuccinate (Cu(DEHSS) 2 )/CCl 4 micro- 
emulsions have ascertained that only two different water 
domains exist in the range 4 < R < 9 {R = [water]/ 
[DEHSS”]); one constituted by the water molecules 
located in the solvation sphere of the Cu^^ counter-ions 
and the other constituted by “interfacial” water mole- 
cules located near the surfactant anionic head groups. 
At i? > 9, another water domain, structurally indistin- 
guishable from the bulk water, appears [14]. This picture 
is consistent with the finding of Robinson et al. [12] that 
an initial unidimensional growth of these micelles at low 
R values is followed by a transition to spherical ones 
at R > 14. 

With the aim of extending our knowledge of the role 
of the Cu^^ counter-ion on the structural and dynamic 
properties of Cu(DEHSS )2 reversed micelles and on 
their percolative behavior, in this paper we report the 
measurements of some physico-chemical properties 
(density, viscosity, conductance, infra-red spectra) of 
water/Cu(DEElSS) 2 /CCl 4 microemulsions as a function 
of the volume fraction of the dispersed phase 
(0 < 0 < 0.6) at various R values. 



Experimental 

Materials 

NaDEHSS (Sigma, 99%), copper(II) nitrate (ACS reagent. Sigma) 
and carbon tetrachloride (Sigma, 99.9%) were used as received. 
Preparation and purity tests of Cu(DEHSS)2 were performed as 
reported by Robinson et al. [12]. Before use, the compound was 
maintained at low temperature in a high vacuum for several days. 
The extent of the replacement of Na"^ by Cu^'*', evaluated by 
atomic absorption spectroscopy, was found to be almost complete. 
In the dried product, a residual content of eight water molecules for 
every Cu(DEHSS)2 molecule was found using FT-IR. This can be 
explained by the existence of the cation in the hexahydrate form 
and by an incomplete drying of the product. 

Apparatus 

The densities (d) of the microemulsions were measured at 25 °C 
with a vibrating tube flow densimeter (Paar, DMA 602-60) sensitive 
to 3 ppm. The densimeter was calibrated with a vacuum and pure 
water. The density of pure CCI4 at 25 °C was found to be 
4o = 1.58428 g cm“^. Since all the samples were prepared by 
weight, the volume fraction 0 of the micellar phase was calculated 
using the equation: 

0=l-(l-IT„,)(4/4o) (1) 

where is the weight fraction of the micellar phase, and d and 
da are the densities of the microemulsion and of pure solvent, 
respectively. 

Viscosities were measured at 25 °C with Ubbelohde microvisco- 
meters mounted in an automatic viscosity measuring unit (AVS 



Schott) following a procedure previously described [15]. The 
viscosity (f/o) of pure CCI4 at 25 °C was found to be r\o = 0.899 cP. 

Conductances were measured with a calibrated a.c. bridge, 
similar to that described by Janz-Mcintyre, provided with a 
frequency range of 1, 2, 3, 5 kHz which enables polarization 
correction. A flux cell (cell constant 0.5260 ± 0.0003 cm“' at 
25 °C) with bright platinum electrodes was used. The experimental 
procedure has been reported previously [7, 16]. 

In Table 1, the experimental densities (4), viscosities (17) and 
conductivities (k) are given as a function of the volume fraction of 
the micellar phase (0) at various molar ratios R of water to the 
amphiphilic anion bis(2-ethylhexyl) sulfosuccinate (R = [water]/ 
[DEHSS ]). 

FT-IR spectra of all the samples were recorded in the frequency 
range 1000-5000 cm“' with a Bruker (IFS25) FT-IR spectrometer 
through a cell equipped with CaF2 windows. Each sample was 
given 100 scans at a spectral resolution of 2 cm“' before recording. 
Pure CCI4 was used as a background to eliminate the small spectral 
contributions due to the solvent. 



Results and discussion 

Volumetric measurements 

By considering the microemulsions as made of two 
spatially separated non-interacting domains, one consti- 
tuted by the reversed micelles and the other by the bulk 
apolar solvent, and assuming that the micellar and oil 



Table 1 Density (d), viscosity (>/) and conductivity (k) of water/ 
Cu(DEHSS)2/CCl4 solutions at J = 25 °C as a function of the 
volume fraction of the micellar phase (0) at various R values 



0 


d/g cm ^ 


rijcP 


k/IO" 0“' m“‘ 


R = 4.0 


0.0668 


1.55623 


1.123 


0.18 


0.1309 


1.52995 


1.442 


0.18 


0.2535 


1.47835 


2.742 


0.18 


0.4318 


1.40160 


12.61 


0.18 


R = 9.0 


0.0785 


1.54979 


1.283 


9.29 


0.1520 


1.51837 


1.879 


7.91 


0.2878 


1.45903 


7.146 


40.9 


0.4743 


1.37645 


50.94 


232.9 


R = 14.2 


0.0904 


1.54315 


2.125 


11.7 


0.1736 


1.50643 


2.921 


16.1 


0.3211 


1.43850 


12.37 


61.6 


0.5129 


1.35074 


70.44 


2223.0 


R = 19.0 


0.1020 


1.53612 


2.832 


12.5 


0.1923 


1.49472 


2.349 


16.6 


0.3497 


1.42014 


9.715 


24.5 


0.5462 


1.32602 


55.88 


53.8 


R = 21.5 


0.1077 


1.53277 


2.301 


12.5 


0.2026 


1.48822 


2.156 


17.3 


0.3635 


1.41133 


7.020 


21.5 


0.5613 


1.31489 


51.63 


22.6 
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phase volumes are additive, we can evaluate the micellar 
density {d^ by the equation: 

= ( 2 ) 

where d and do represent the density of the microemul- 
sion and pure solvent, respectively. In Fig. 1 plots of 
versus 0 for each R value are shown. As can be 
seen nearly constant trends, similar to those found 
for water/NaDEHSS/«-heptane microemulsions, are 
obtained [17]. Likewise, the absence of significant 
volumetric changes can be taken as an indication that 
no structural transition occurs in the micellar phase 
when 0 (i.e., the concentration of the reversed micelles) 
is varied in a large range. 

As far as the dependence of R on d^ is concerned, a 
detailed interpretation has been reported previously and 
we will simply say that it is mainly due to the progressive 
increase of the water-like character of the reversed 
micelles [14, 17, 18]. 




0 0.2 0.4 0.6 

0 

Fig. 1 Density of the micellar phase {d^) as a function of the volume 
fraction (0) at various R values (A f? = 4.0; ■ = 9.0; □ 

R = 14.2; • R = 19.0; O R = 21.5) 



Fig. 2 Comparison of the relative viscosity of dispersions of silica 
hard spheres (Ref. [20]) and of water/Cu(DEHSS) 2 /CCl 4 micro- 
emulsions (A ▲ hard spheres; O R = 4.0; • R = 9.0; 
n R = 14.2; m R = 19.0; A R = 21.5) and water/NaDEHSS/ 
«-heptane microemulsions (B ▲ hard spheres; O R = 0; • R = 5; 
□ R = 10; ■ R = 20; A R = 30) as a function of 0 at various R 
values. Dotted lines are only a visual guide 
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Rheological behavior 

For a dilute solution of non-interacting spherical 
particles, Einstein demonstrated that the viscosity (ty) 
depends on the volume fraction (0) of the particles 
according to the law [19]: 

t? = ty„(l + 2.50) (3) 

where rio is the viscosity of the pure solvent. However, at 
sufficiently high concentrations, as a consequence of 
topological constrains, the viscosity of hard sphere 
colloidal dispersions displays a divergent behavior with 
0 [ 20 ]. 

For systems containing reversed micelles, positive 
deviations from the behavior of hard sphere dispersions 
can be assigned to: 

1. Departure of the micelles from a spherical shape 

2. Solvation of the micelles (involving an effective 
volume fraction greater than the stoichiometric one) 

3. Intermicellar attractive interactions (involving an 
enhancement of the exchange process of surfactant 
molecules and anions among contacting reversed 
micelles [21]). 

In Fig. 2A, the 0 dependence of the relative viscosity 
(fy/f/o) of water/Cu(DEHSS) 2 /CCl 4 microemulsions at 
various R is compared to that of a suspension of hard 
silica spheres in cyclohexane [20]. As can be seen, the 
systems at R = 4.0, 19.0 and 21.5 behave like the 
suspension of hard spheres, whereas for intermediate 
R values (R = 9.0 and 14.2) positive deviations are 
displayed. We were tempted to attribute these results to 
the evolution of the micellar shape with R [12]. However, 
since this behavior is similar to that found for water/ 
NaDEHSS/n-heptane microemulsions (Fig. 2B), which 
are surely characterized by spherical reversed micelles, 
we are forced to attribute these positive deviations 
mainly to the evolution of the intermicellar interactions 
with i? [1, 17]. According to previous reports, in fact, the 
progressive increase in water content involves an initial 
increase of the micellar interactions (resulting from an 
increase of the dissociation degree of the surfactant) 
followed by a decrease at higher R values (resulting from 
a decrease of the reversed micelle concentration) [7, 18]. 
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Fig. 3 Conductivity (k) of water/Cu(DEHSS) 2 /CCl 4 microemulsions 
(AOR = 4.0; • = 9.0; □ = 14.2; MR = 19.0; AR = 21.5) 

and water/NaDEHSS/n-heptane microemulsions (B O R = 0; 
9 R = 5, O R = 10; ■ = 20; A = 30) as a function of 0 at 

various R values. Dotted lines are only a visual guide 

Conductivity measurements 

Figure 3 A shows the trends in the specific conductance 
of water/Cu(DEHSS) 2 /CCl 4 microemulsions versus 0. 
As can be seen, only the samples at i? = 9.0 and 
R = 14.2 demonstrate an initial diverging behavior in 
the 0 range explored. In the case of water/NaDEHSS/ 
n-heptane microemulsions (Eig. 3B), only the sample at 
R = Q fails to show a diverging behavior [17]. Taking 
into account the fact that the charge transport in these 
systems is mainly assured by the hopping of DEHSS~ 
anions within clusters of reversed micelles, the observed 
trends confirm the pivotal role played by surfactant 
dissociation and the reversed micelle concentration on 
driving intermicellar clustering and anion hopping 
mechanisms [7]. Moreover, comparing the rheological 
and the conductometric behaviors, it can be noted that 
some samples which display high viscosity values 
(percolated samples from a rheological point of view) 
have small conductivity values (unpercolated samples 
from a conductometric point of view). This means that 
the molecular processes responsible for charge and 
momentum transfers in microemulsions are different. 
In particular, the behavior of the transport properties 
of microemulsions can be consistently rationalized by 
hypothesizing that intermicellar collisions and material 
exchange contribute to the viscosity, whereas only the 
intermicellar exchange of surfactant anions contributes 
to the conductivity. In this respect, it is important to 
note that the concept of intermicellar connectivity often 
used to rationalize percolation in these systems is too 
vague and that a detailed structural and dynamical 
picture of microemulsions is preferable. 



IR spectra 

The broad band due to 0H stretching (3000-3800 cm”') 
is a very good probe of the water state within reversed 



micelles [9, 22]. In previous investigations it has been 
pointed out that the shape of this band is significantly 
influenced both by the micellar radius and by the 
surfactant counter-ion [9, 23]. This is because a change 
in the relative populations of differently H-bonded 
molecules is revealed by a change in the 0-H band 
shape. 

The dramatic changes in water structure, when it is 
inserted within reversed micelles, are shown in Eig. 4; 
the 0H bands (normalized to the same height of the 
band maximum) of water/Cu(DEHSS) 2 /CCl 4 and of 
water/NaDEHSS/CCU microemulsions at R = 4.0 and 
R = 1.0, respectively, are compared to the normalized 
0H band of bulk water. It should be noted that the OH 
band of water in NaDEHSS reversed micelles reaches its 
maximum value at a frequency (about 3500 cm”*) higher 
than that of pure water (about 3400 cm”*), whereas the 
opposite occurs for the OH band of water in Cu(DE- 
HSS )2 reversed micelles (about 3300 cm”*). Since the 
initial water molecules are solubilized as hydration water 
bonded to the surfactant negative head groups S 03 ^ and 
the positive counter-ions, the position of the OH band 
indicates that water molecules are weakly bonded to the 
Na^ whereas they are tightly bonded to the Cu^^ [23]. 
In addition, the marked difference befween the OH band 
widths reveals some differences in fhe inferfacial wafer 
dynamics. 

Eigure 5 shows some representafive specfra for 
water/Cu(DEHSS) 2 /CCl 4 microemulsions af a fixed 




3000 3400 , 3800 

wavenumber (cm ) 

Fig. 4 Comparison of the normalized OH stretching bands of water/ 
CufDEHSSE/CCU microemulsions at i? = 4.0, water/NaDEHSS/ 
«-heptane microemulsion sA R = 1.0 and bulk water 








113 




2800 3200 , 3600 

wavenumber (cm ) 



Fig. 5 Evolution of the OH stretching band of water/Cu(DEHSS) 2 / 
CCI4 microemulsions with at a fixed surfactant molal concentration 
{m = 0.05 molkg^') 



surfactant molal concentration (m = 0.05 molkg”^), as 
a function of R in the 2800-3800 cm”' frequency range. 
As can be seen, apart from an obvious increase in the 
intensity of the OH band with increasing R, it can also 
be seen that the band shifts towards higher frequencies. 
This has previously been rationalized in terms of an 
initial micellar growth as rodlike aggregates followed by 
a transition to a spherical one at > 14 [14]. 

Given the sensitivity of the OH band to changes in 
the micellar structure induced by an increase of R, it 
could be expected to show a similar sensitivity to the 
occurrence of any structural transition induced by an 
increase of 0 [9]. 

In Fig. 6, the normalized OH stretching bands at a 
fixed R value and at various 0 values are compared. 
No significant changes of the 0H band shape with 0 are 
observed. This finding confirms the hypothesis that 



Fig. 6 OH stretching bands of 
water/Cu(DEHSS) 2 /CCl 4 mic- 
roemulsions as a function of 0 
at various R values {a R = 4.0; 
h R = 9.0; c R = 14.2; 
d = 19.0; eR = 21.5) 
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percolation of w/o microemulsions does not involve 
changes of the reversed micelle structure. Finally, it must 
be stressed that a detailed analysis of the CO and 803^ 
bands leeds to the same conclusions drawn from the OH 
stretching band, i.e., a sensitive R dependence due to the 
progressive hydration of these polar groups combined 
with the absence of significant variations with 0. 



Conclusions 

The comparison between the behavior of NaDEHSS 
and Cu(DEHSS) 2 reversed micelles allowed us to 
emphasize the influence of the nature and the charge 



of the counter-ion associated with the DEHSS” anion 
and of the water-assisted surfactant dissociation on 
driving the structural and dynamic evolution of re- 
versed micelles and their clusters. Eor both systems, 
percolation phenomena, shown by a diverging behavior 
for conductivity and/or for the viscosity, result from 
the formation of an extended network of nearly 
structurally unperturbed reversed micelles sustained 
by topological hindrances and/or intermicellar interac- 
tions. 
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Abstract Colloidal silica has been 
used to prepare both water-in-oil-in- 
water (w/o/w) and oil-in-water-in-oil 
(o/w/o) multiple emulsions. Because 
the destabilisation caused by surfact- 
ant diffusion has been eliminated, the 
multiple emulsions described are 
highly stable and show no variation in 
secondary emulsion droplet size over 
a 6 month period. The 1° w/o emul- 
sion for the w/o/w emulsion was 
prepared using a hydrophobic silica 
(Wacker HDK H2000). Hydroxyp- 
ropyl cellulose was added to the 
dispersed aqueous phase to reduce 
the droplet size and to improve 
monodispersity. Ludox HS-40 was 
then used in the secondary emulsifi- 
cation to prepare the w/o/w emulsion. 



A mixture of NP30 and NP6 was used 
as the costabilizer, the latter surfact- 
ant being added to reduce the inter- 
facial tension. In a similar way the 1° 
o/w emulsion for the o/w/o emulsion 
was prepared using hydrophilic silica 
(Ludox HS-40) and NP30 as a costa- 
bilizer. The secondary emulsification 
to prepare the o/w/o emulsion was 
effected with HDK H2000 silica. 
Rheological measurements indicated 
100% multiple emulsion yield up to 
an internal emulsion volume fraction 
of 0.4 for the w/o/w multiple emul- 
sion and 0.6 for the o/w/o system. 

Key words Double emulsion - 
Multiple emulsion - w/o/w - 
o/w/o - Silica - Stabilised 



Introduction 

Multiple emulsions can be prepared in two morpholo- 
gies: water-in-oil-in-water designated w/o/w or oil-in- 
water-in-oil designated o/w/o. In the past, multiple 
emulsions have usually been prepared by a two-step 
process employing two separate surfactants [1]. In the 
case of a w/o/w multiple emulsion the primary w/o 
emulsion is prepared using a hydrophobic surfactant at 
high concentration. The secondary emulsion is then 
formed by dispersing the 1° emulsion in more water 
using a low-concentration hydrophilic surfactant and 
low emulsification power. The resulting multiple emul- 
sions are, however, both thermodynamically and kinet- 
ically unstable [2]. In the case of a w/o/w emulsion the 
internal hydrophobic surfactant is able to diffuse 
through the oil to the external o/w interface and there 



undermine the stability of the secondary emulsion which 
is stabilised by hydrophilic surfactant. Emulsion deteri- 
oration occurs by four mechanisms [2]; the oil film 
breaks resulting in escape of the internal water; the water 
film between two multiple emulsions ruptures leading to 
an increase in secondary emulsion droplet size; the 
internal water droplets coalesce; water diffuses through 
the oil film. 

To overcome this inherent instability there has 
recently been a move away from simple surfactant 
systems to the use of polymeric and colloidal stabilisers 
[3]. In these emulsions stabiliser diffusion is greatly 
reduced by their high molecular weight. Additionally in 
colloid-stabilised emulsions surface flocculation of the 
solid particles also acts to bind the particles to the o/w 
interfaces [4]. In these solid-stabilised systems the 
stabilisation mechanism is mainly steric in nature with 
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the possibility of some electrostatic stabilisation if the 
solid particles are charged. Oza and Frank [5, 6] used 
colloidal microcrystalline cellulose combined with sim- 
ple surfactants to prepare w/o/w emulsions and stability 
up to 1 month was demonstrated by these emulsions. 

Recently hydrophilic colloidal silica combined with 
polymeric and surfactant costabilisers has been shown 
to be an excellent emulsifier for o/w emulsions [7-9]. 
Because of the very small size of commercially available 
hydrophilic silica, relatively small droplets can be 
stabilised, a necessary feature when designing an internal 
o/w phase for an o/w/o multiple emulsion. In addition 
hydrophobic silica, in highly divided powder form, is 
also commercially available. It is anticipated that this 
form of silica will stabilise the w/o emulsions needed 
for the internal 1° emulsion phase of w/o/w multiple 
emulsions and also act to stabilise the 2° emulsion of o/ 
w/o multiple emulsions. 

In this paper the preparation of both w/o/w and o/w/o 
emulsions is described using hydrophilic and hydropho- 
bic silica as stabilisers. The stability of these emulsions 
was monitored by droplet-size measurements over a 
6 month period. 



Experimental 

Materials 

The oil used was a light paraffin oil obtained from BDH: at 
25 °C, p = 0.845 g cm“^; r] = 27.5 mPas. The oil/air interfacial 
tension was 29.5 mN cm"' at 20 °C. After treatment with fuller’s 
earth there was a small increase to 29.6 mN cm“‘. The untreated 
oil was, therefore, not significantly surface active and was used 
without further treatment. The water was Milli-Q quality; NP6 
and NP30 were obtained from ICI; the HS-40 grade Ludox and 
hydroxypropyl cellulose (M = 300,000) were obtained from 
Aldrich Chemical Co., and were used without further purification. 
The size of the HS-40 Ludox was taken to be the diameter quoted 
by the manufacturer of 12 nm and the density of the amorphous 
silica was taken as 2.2 g cm“^. The hydrophobic silica was HDK 
H2000 supplied by Wacker. This has a manufacturers Brunauer- 
Emmett-Teller surface area of 140 ± 30 m^ g“' which converts 
to an equivalent spherical diameter of 19.5 nm. The silica was 
prepared by the manufacturer by hydrophobising hydrophilic 
silica with trimethyl silanyl groups giving a final silanol group 
density of about 1.5 nm“^ compared with 3.0 nm“^ for hydro- 
philic silica. 

Emulsion preparation 
wjojw emulsions 

The w/o 1° emulsion was prepared al (j> = 0.5 by emulsifying 
water at pH 2.0 (60 cm^) containing NaCl (0.120 g), Na 2 S 04 
(5.7 mg) and hydroxypropyl cellulose (0.15 g) in light paraffin oil 
(57.8 cm^) in which was dispersed H2000 hydrophobic silica 
(4.8 g). The sail and acid in the aqueous phase create an osmotic 
pressure balance between the internal and external water phases. 
Ludox, adjusted to pH 2.0 with concentrated hydrochloric acid, 
is employed in the secondary emulsification process. The silica 
releases double-layer ions (assumed to be sodium) into the 



dispersing aqueous phase on acidification. The molar quantity 
of sodium ions was taken to be the equivalent of the quantity of 
acid required to achieve pH 2.0. Because of ionic impurities in the 
Ludox HS-40 as described by manufacturer, Na 2 S 04 and extra 
NaCl were also added to this aqueous phase. The hydroxypropyl 
cellulose was added to improve the emulsion monodispersity and 
to reduce droplet size. While emulsifying with a Silverson L2R 
emulsifier at lower power in a glass beaker, the aqueous phase 
was added slowly to the oil over a 2 min period in order to 
prevent inversion. The emulsification was continued for a further 
10 min at full emulsifier power. The w/o/w multiple emulsion was 
prepared at </> = 0.67 by adding 120 cm^ w/o emulsion to water 
at pH 2.0 (57.8 cm^) containing Ludox HS-40 (4.8 g dry weight), 
NP30 (0.156 g) and NP6 (0.24 g). NP30 has been shown to 
produce stable emulsions in combination with Ludox HS-40 [9]. 
The NP6 was added to reduce the secondary emulsion droplet size 
as its hydrophile-lipophile balance (HLB) (10.9) is close to the 
HLB requirement of paraffin oil. The w/o/w emulsion was 
emulsified in a glass beaker using minimum emulsifier power for 
30 min. 

o/iv/o emulsion 

The o/w primary emulsion was prepared at </> = 0.6 using the 
hydrophilic silica Ludox HS-40 and NP30 as the hydrophilic 
costabiliser. Light paraffin oil (75.14 ml) was emulsified with 
water at pH 2.0 (48 ml) containing HS-40 Ludox (4.3 g dry 
weight) and NP30 (0.14 g). The emulsion was prepared in a glass 
container using a Silverson L2R emulsifier at full power for 
20 min with occasional cooling with ice. All multiple o/w/o 
emulsions were prepared al (j) = 0.67, with the 1° emulsion at <p 
= 0.6, 0.5, 0.4 and 0.3. The lower internal phase volume fractions 
were obtained by dilution of the (j> = 0.6 stock emulsion with 
water. Wacker HDK H2000 hydrophobic silica (3.6 g) was 
dispersed in 60 cm^ paraffin oil using fhe Silverson emulsifier at 
full power. Over a period of 3 min, 120 cm^ of the primary 
emulsion was dispersed in the oil using the Silverson emulsifier on 
its lowest power setting. The emulsification was maintained for a 
further 10 min. 

Droplet-size determination 

The w/o/w emulsions were diluted in water and the o/w/o multiple 
emulsions in a 50:50 mixture of paraffin oil and petroleum ether 
and were thoroughly dispersed. (This was shown to be the case by 
light microscopy.) The droplet-size distribution was determined 
using a Malvern 3600D particle sizer employing Fraunhofer 
diffraction. The size distributions were monitored over a period 
of 6 months. 



Rheology 

The rheological measurements on the emulsions were performed 
using a Bohlin VOR rheometer with serrated-plate geometry to 
minimise wall slip. Strain-sweep and oscillatory measurements were 
performed on the four w/o/w and the four o/w/o emulsions 
prepared. The strain-sweep experiments established a linear 
viscoelastic region in the range of strain values 0.001-0.01. 
A strain value of 0.0029 was employed for all the oscillatory 
experiments. 

Microscopy 

Microscopy images of the four w/o/w emulsions and the four o/w/o 
were obtained using a television camera with a frame-grabber 
facility. 
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Results and discussion 

Size distributions 

The size distributions for the four w/o/w and the four 
o/w/o emulsions are shown in Figs. 1 and 2. All the 
emulsions demonstrate an approximately logarithm- 
normal form. The trend is for the size to increase as 
the oil volume fraction of the 1° emulsion increases, 
which also corresponds to an increase in viscosity in the 
internal phase. The w/o/w emulsions also have the larger 
droplet sizes probably due to the greater viscosity of the 
w/o 1° emulsion. 



Photomicrographs 

Photomicrographs of the w/o/w and o/w/o emulsions 
at two internal volumes are shown in Figs. 3 and 4. At 
(/) = 0.6 the o/w/o emulsion droplets show signs of 
distortion caused by the thick silica crust and viscous 
interior phase. At 0 = 0.3 no distorted droplets were 
observed in either emulsion due to the considerable 
decrease in viscosity. Many of the secondary droplets, 
however, contained only a few primary droplets with a 
percentage which were empty. 



Fig. 1 Droplet diameter vol- 
ume distributions for the water- 
in-oil-in-water (m'/o/iv) emul- 
sions at various internal 1° 
emulsion volume fractions: 

(-), </. = 0.2; ( 

= 0.3; ( ), ^ = 0.4; ( ), 

(j> = 0.5 




Fig. 2 Droplet diameter vol- 
ume distributions for the oil-in- 
water-in-oil (o/w/o) emulsion: 

(-), </. = 0.3; ( ),(^ 

= 0.4; ( ), ^ = 0.5; ( ), 

</> = 0.6 




1 



2 
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Fig. 3 Photomicrographs of the w/o/w emulsion at two internal 
volume fractions: A <j> = 0.5; B 4> = 0.3 



Rheology 

The storage and loss moduli frequency spectra for the 
four w/o/w emulsions and the four o/w/o emulsions are 
shown in Figs. 5 and 6. The similarity between the data 
in Fig. 6 is good evidence that the secondary emulsifi- 
cation occurs with 100% yield, i.e. there is little or no 
loss of the internal oil to the external oil phase. If there 
were internal oil loss its extent would increase with 
increasing internal volume fraction and, therefore, the 
secondary volume fraction would decrease leading to a 
decrease in the storage and loss moduli. Secondary 
emulsihcation of a primary emulsion at (/) = 0.7 did lead 
to emulsions of considerably low storage and loss 
moduli. The w/o/w emulsion storage moduli increase 
with increasing primary emulsion volume fraction. This 



Fig. 4 Photomicrographs of the o/w/o emulsion: A (j> = 0.6; B (f> 
= 0.3 



is probably caused by a small amount of osmotic 
swelling increasing the w/o/w volume fraction. Again 
this increase would be unlikely if there were significant 
internal water loss to the external aqueous phase. The 
(/) = 0.5 emulsion is out of sequence and shows a 
considerably lower storage modulus indicating loss of 
internal water for this w/o/w emulsion. 



Emulsion stability 

The effect of ageing on the multiple emulsion droplet 
size is shown in Fig. 7. It is clear that the data sets are 
identical for both the o/w/o and w/o/w emulsions 
showing that the emulsions are highly stable to both 
multiple emulsion droplet coalescence and to internal 
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CO / Hz 

Fig. 5 Storage {dosed symbols) and loss {open symbols) moduli 
frequency spectra for the w/o/w emulsion {(j) = 0.67) at various 
internal 1° emulsion volume fractions: ■,□(/> = 0.2; •, O, 0 = 0.3; 
A,A,4> = 0.4; T, V, 0 = 0.5 




Fig. 6 Storage {dosed symbols) and loss {open symbols) moduli 
frequency spectra for the o/w/o emulsion {(p = 0.67) at various 
internal 1° emulsion volume fractions: ■,□<)> = 0.3; •, O, = 0.4; 
k,A,(p = 0.5; T, V, 0 = 0.6 



Fig. 7 Effect of ageing on the 
droplet diameter volume distri- 
bution for the o/w/o emulsion 
{dosed symbols) and for the w/ 
o/w emulsion {open symbols)'. 
■, □ / = 0 days; 

•, O / = 30 days; 

A, A / = 60 days; 

T, V / = 180 days 




droplet diameter / pm 



phase loss. Coalescence of the internal emulsion droplets 
was not observed and also the separate primary 
emulsions proved to be stable to coalescence over the 
time period. 



Conclusion 

Both a w/o/w and a o/w/o multiple emulsion have been 
successfully prepared at a range of internal volume 
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fractions. The multiple emulsion yield was shown to be Both types of emulsion proved to be highly stable and 
close to 100% up to an internal volume fraction of 0.4 showed no variation in multiple emulsion droplet size 
for the w/o/w emulsion and 0.6 for the o/w/o emulsion, over a 6 month period. 
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Abstract Colloidal aqueous suspen- 
sions of vanadium pentoxide (V2O5) 
ribbons form a liquid crystalline 
nematic phase at volume fractions 
4> > 0.5%. We investigate the influ- 
ence of increasing ionic strength on 
the colloidal stability of these sus- 
pensions. Salt addition brings about 
the flocculation of these suspensions 
in agreement with DLVO theory. 
Moreover, salt addition below the 
flocculation threshold leads to gela- 
tion and so fluid sols can be turned 
into gels upon increasing ionic 
strength. This gelation can be un- 
derstood as the first sign of attractive 
forces which become increasingly 



important as electrostatic repulsions 
are screened. However, ion-speciflc 
effects were also observed which 
suggests that a general model of 
these phenomena is still out of reach. 



Key words 8270 Dol (Colloids) - 
8270 by (Gels and Sols) - 8370 Jr 
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Introduction 

Aqueous suspensions of vanadium pentoxide (V2O5) 
ribbons have been known now for more than a century 
[1] but their liquid crystalline properties were first 
reported in 1925 by Zocher [2]. More recently, these 
suspensions have been clearly shown to display a 
nematic phase in which the ribbons mutually align in 
the same direction but still show a liquid-like positional 
short-range order [3, 4]. This is actually one of the very 
few mineral liquid crystalline phases known to date [5]. 
Moreover, this nematic phase may be oriented in a 
modest (0.3 T) magnetic field which provides an original 
non-invasive way of aligning mineral moieties [6]. Lrom 
the point of view of applications, the perspectives of 
V2O5 gels are numerous: they are already used in 
industry as antistatic coatings for photographic films [7] 
and they are being developed as electrochromic layers, 
as humidity sensors and as reversible cathodes for 
lithium batteries [8]. 



V2O5 ribbons are typical materials obtained by the 
usual techniques of chimie douce (soft chemistry) [9]. 
Compared to common solid-state chemistry, these new 
techniques usually involve low-temperature reactions 
taking place in solution. They can give rise to highly 
dispersed novel materials which are not in true ther- 
modynamic equilibrium but are kinetically stable. In 
previous articles, we have described the liquid crystalline 
properties of these suspensions in detail [3-6]. The aim 
of this communication is rather to show how increasing 
the ionic strength of these suspensions leads to their 
gelation and eventual flocculation. 



Materials and methods 

The V 2 O 5 aqueous suspensions described in this paper are obtained 
by acidification of a NaV 03 solution flowed over a proton 
exchange resin column [4]. Around pFI 2, VO 3 " molecular species 
spontaneously polymerize to form ribbons (Fig. 1) dispersed in 
water. These ribbons are several thousand angstroms long, about 
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200 A wide and 10 A thick as determined by electron microscopy 
and X-ray scattering [4, 9], The length and width are subject to 
some polydispersity, whereas the thickness is determined by the 
structural arrangement of the VO5 square pyramids. Besides, the 
reaction of V2O5 with water leads to partially ionized V-O-H 
groups (V-O-H + H2O ^ V-0“-HH30^) which therefore give rise 
to electrical charges. The linear charge density of the ribbons is 
estimated to be 0.2 e/A. (Vanadium oxide gels could also be 
described as polyvanadic acids.) If the suspensions are kept in the 
pH range of stability (l<pH<3) and are not too diluted, they 
are stable for years. Depending on the V2O5 volume fraction (j), 
the suspensions form sols ((j><l.5%) or physical gels (<(>>1.5%) 
which exhibit a finite yield stress over several years. Therefore, the 
gelation is not simply due to entanglements. 

Series of samples were prepared in standard test tubes and 
diluted with salt solutions of calibrated concentrations. The test 
tubes were carefully sealed and stored for several months in order 
to reach equilibrium. They were examined both in natural and 
polarized light every few weeks. 

Flat glass optical capillaries of thickness 100 fim (Vitro 
Dynamics, Rockaway, N.J., USA) were filled with freshly prepared 
samples and flame-sealed. Their textures were observed in polarized 
light with a Leitz microscope. 

X-ray scattering techniques provide an experimental way of 
probing the influence of increasing ionic strength upon the ribbons 
organization in the suspensions. Considering the large dimensions 
of the ribbons and their average distance, small-angle X-ray 
scattering (SAXS) experiments are required and were performed at 
the D24 station of the LURE synchrotron facility in Orsay, France. 
This experimental station has been described previously [10]. 
Additional wide-angle X-ray scattering experiments were also 
performed using a standard laboratory set-up [11]. Scattering 
intensities were recorded versus scattering vector q of modulus 
q = (47t sin 0)/2, 26 being the scattering angle and X the selected 
X-ray wavelength. 



Results 

In 1925, Zocher examined these aqueous V2O5 suspen- 
sions by polarized light microscopy [2] and recognized 
that they could organize in an anisotropic fluid phase 
which he considered to be very similar to the liquid 
crystalline nematic phase newly discovered at that time. 
The nematic nature of these suspensions was only 
recently unambiguously demonstrated [3-6]. For in- 




Fig. 1 Schematic representation of a V2O5 ribbon 



stance, Fig. 2 shows the phase separation between the 
isotropic liquid (top phase) and the birefringent nematic 
phase (bottom phase) which demonstrates that the 
nematic ordering proceeds from a thermodynamic 
first-order phase transition. This transition is actually 
well described by the Onsager model for charged, thin 
rigid rods [12]. Indeed, the phase transition is not very 
sensitive to temperature (Fig. 3) and the nematic order 
parameter jump at the transition is quite large {S ~ 0.75) 
[6]. Moreover, the ratio of the volume fraction of the 
anisotropic phase to that of the isotropic one, which 
defines the width of the biphasic gap, is close to the 
theoretical one. This description is actually valid in the 
absence of added salt, i.e. at moderate ionic strength. 
Unfortunately, dispersions of ionic strength lower than 
10“^ could not be obtained because the ribbons become 
unstable at pH larger than 3 and because the ion- 
exchange reaction is never complete so there always 
remains a small concentration of Na+ ions. Consequent- 
ly, suspensions with ionic strengths lower than 10“^ 
could not be studied. 

The aim of this work was to investigate the effect of 
increasing ionic strength on the colloidal stability of the 
V2O5 suspensions. We therefore diluted the suspensions 
with various salt solutions. We only selected monovalent 
ions since multivalent cations quickly induce irreversible 
flocculation. Monovalent cations added in large con- 
centrations (2 X 10”^ mol F*) also induce flocculation 
following a reverse Hoffmeister series (Fig. 4). Indeed, 
we observed that Li^ had a smaller flocculating power 
than Na^, and NHj] . This is classically assigned to 
the fact that the smaller Li^ ion is surrounded by more 
water molecules than the other monovalent cations and 
its charge is therefore better screened. Besides, very 




Fig. 2 Photograph of a test tube containing a biphasic sample. One 
clearly sees the meniscus between the birefringent nematic phase at the 
bottom and the isotropic phase on top. The arrow points to the 
nematic/isotropic interface 
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Fig. 3 Phase diagram of the V 2 O 5 suspensions as a function of water 
content and temperature. Along the x-axis is the number n of water 
molecules per V2O5 unit and along the y-axis is temperature. (Strictly 
speaking, this is not an isobaric phase diagram as the samples were 
held in sealed, flat glass capillaries.) 



peculiar phenomena are observed upon addition of Li ^ 
cations; the gel region in the phase diagram becomes 
unusually large and extends to V2O5 volume fractions 
smaller than 0.1%. A double logarithmic plot of the 
SAXS signal scattered by such a gel is shown in Fig. 5a. 
The data can be well fitted by a straight line of slope 1.87 
in the whole accessible q range, indicating a self-similar 
organization at this scale. In contrast the intensity 
scattered by a gel (Fig. 5b) obtained upon NaCl 
addition is simply described by the ribbon form factor; 
the value of 2 found for the exponent of the scattered 
intensity decay is that expected for a plate-like particle. 
Indeed, in this q range (5 x 10~^<<7< 10”’ A”’), both 
the length and width of the ribbons appear infinite [4]. 
Therefore, the presence of Li^ ions induces a peculiar 
self-similar organization which still needs to be eluci- 




Fig. 4 Series of test tubes, at constant V2O5 volume fraction <j> 
= 0.3%, illustrating the flocculating power of different monovalent 
cations: Li^ <Na'*' ~ K"'" ~ NH4^ (reverse Hofimeister series). In all 
test tubes, the concentration of added salt was 0.066 M 




Fig. 5 Small-angle X-ray scattering (SAXS) patterns of a a gel 
obtained upon Li^ addition ((j> = 0.3%, cua = 0.06 M) and h a gel 
obtained upon Na''' addition (4> = 0.7%, cn^ci = 0.03 M). The 
straight lines are fits by power laws 



dafed. Among ofher inferesting feafures, these gels show 
a striking thixotropy and have a very small yield stress. 
Unfortunately, within a week of LiCl addition, small 
solid birefringent particles of anisometric shape are 
formed and are embedded in the gel matrix. This 
phenomenon, which can be understood as a very slow 
flocculation or crystallization, is particularly annoying. 
In the following, we thus focus on the influence of added 
NaCl, because the experimental data is less questionable 
in this case. 

Without any added NaCl, SAXS experiments on 
“powder” (i.e. unaligned) samples show a diffuse ring 
which is due to the lateral interferences between ribbons 
in a plane perpendicular to the director (Fig. 6a) [4]. 
This ring occurs at ^ w 0.015 A”’ and so the average 
distance between ribbons is about 420 A and is rather 
well defined. This short-range positional order is typical 
of moieties interacting via a repulsive potential. Upon 
NaCl addition, the ring disappears (Fig. 6b) which 
shows that the distances between ribbons fluctuate 
much more. The SAXS signal is then only due to the 
form factor of the ribbons which points to the absence 




Fig. 6 SAXS patterns of V2O5 suspensions of volume fraction <j> 
= 0.7%. a Without added salt (sol) and h with added NaCl (gel), 
CNaCl = 0-03 M 
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of any short-range order. This behaviour is highly 
reminiscent of many colloidal systems, for instance that 
of polyelectrolytes in solution [13]. Besides, wide-angle 
X-ray scattering patterns (Fig. 7a) of the flocculates 
showed an additional diffraction line at ^ w 0.41 A“' 
which most probably arises from the face-to-face 
stacking of the ribbons. The associated d spacing 
{d Ki 1 5 A) is comparable to that found in the crystalline 
structure of Nao.33V205 [14], which confirms our infer- 
pretation of this diffraction line. 

Well before flocculation takes place, another dramat- 
ic effect occurs upon increasing ionic strength: the sol/gel 
transition line is shifted to very low V2O5 volume 
fractions and so fluid samples can be turned into gels 
upon salt addition. For instance. Fig. 8 shows three 
test tubes containing the same V2O5 concentration but 
increasing ionic strength. The bottom sample is a free- 
flowing sol, the middle one is a gel and the top one 
is flocculated. Preliminary rheological experiments dem- 
onstrate that the elastic G' and loss G" moduli both 
increase by several orders of magnitude upon salt 
addition. Moreover G' becomes 10 times larger than 
G" over the whole frequency range for the salt-induced 
gel. Actually the sol/gel transition line even intercepts 
the nematic/isotropic transition line and so isotropic gels 
can be obtained. It is important to notice that there is 
no detectable signal in the wide-angle X-ray scattering 
pattern of the gel phase at the scattering vector 
characteristic of face-to-face stacking (Fig. 7b). If it is 
correct to assume that this is the signal of the physical 
cross-links responsible for gelation, then we can con- 
clude that the proportion of cross-links in these gels is 
extremely small. This is not very surprising for very long 
particles. 




b 



Fig. 7 Wide-angle X-ray scattering patterns of a flocculated V 2 O 5 
suspensions with NaCl added in excess and b V 2 O 5 gels with NaCl 
added {(j) = 0.7%, CNaCi = 0.03 M). An additional line (arrow) 
points to the existence of stacks of ribbons 




Fig. 8 Series of test tubes illustrating the influence of increasing ionic 
strength at constant V 2 O 5 volume fraction (0 = 0.7%). Bottom tube. 
no added salt; middle tube. CNaCi = 0.03 M, top tube'. CNaci = 0.06 M 



Discussion and conciusion 

At moderate ionic strength, the Onsager model of 
nematic ordering which is based on excluded volume 
interactions between charged particles, is well suited to 
describe the phase transition [4]. Therefore, this nematic 
ordering shows that anisotropic steric interactions play 
a major role in this system. Besides, the flocculation 
upon addition of salt is a classical colloidal behaviour 
demonstrating that strong electrostatic repulsions are 
responsible for the colloidal stability as described by 
DLVO theory [t5]. Moreover, this also points to the 
existence of attractive interactions between V2O5 rib- 
bons which are likely to be van der Waals attractions. 
Numerical estimations indeed indicate that the order of 
magnitude of this attraction is roughly the same as the 
order of magnitude of the screened Coulomb interaction 
at the experimental ionic strengths. Due to the compli- 
cated form of the V2O5 particles we cannot give more 
quantitative predictions for the stablility of this colloid. 
Nevertheless, there is no reason to resort to more 
complicated models than the usual DLVO theory, since 
this captures the essential qualitative features of the 
experimental observations [t5]. To summarize, the 
ribbons undergo anisotropic excluded volume, repulsive 
electrostatic and attractive van der Waals interactions. 
Increasing the ionic strength shifts this subtle balance 
from dominating electrostatic repulsions to dominating 
van der Waals attractions. 

This situation is actually very similar to that which 
prevails for another system of liquid crystalline mineral 
colloids, i.e. the aqueous suspensions of y-AlOOH 
boehmite rods. In a recent paper Wierenga et al. [t6] 
have shown how these suspensions turn from “repulsive 
gels” to “attractive gels” upon increasing ionic strength 
and explained the change in roughly the same way. 
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From another point of view, the ion specificity effect 
illustrated by the Hoffmeister series displayed in Fig. 4 
proves that a generic model is not likely to describe the 
system. More detailed microscopic considerations are 



obviously needed in order to fully account for the 
experimental observations. In future work, we will 
consider the influence of the ionic strength on the liquid 
crystalline properties of these suspensions. 
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Abstract Microemuisions formed 
with water, isopropyl myristate, poly 
( 1 2-hydroxystearic acid)-poly(ethyl- 
ene oxide)-poly( 1 2-hydroxystearic 
acid) polymeric surfactant and al- 
kanediol have been investigated 
using small-angle X-ray scattering 
(SAXS), conductivity and static light 
scattering measurements at 25 °C. 
The SAXS spectra exhibit two dif- 
ferent behaviors depending on which 
compositions are kept constant. If 
surfactant and oil concentrations are 
constant, the peak position remains 
constant as the volume fraction 
increases. On the other hand, if 
surfactant and cosurfactant concen- 
trations are constant, the peak po- 
sition shifts to lower q values as the 
volume fraction increases. From a 
certain volume fraction, the peak 



position stops shifting and remains 
constant as the volume fraction 
continues increasing. It is interesting 
to note that the constant peak 
position is the same for both be- 
haviors. The microemulsion struc- 
ture is difficult to ascertain solely on 
the basis of the X-ray spectra but, 
from the conductivity and static 
light scattering measurements, we 
can conclude that the structure 
probably changes from disconnected 
water domains to some type of 
connected water domains. From the 
SAXS measurements self-associa- 
tion of 1,2-hexanediol is observed. 

Key words Microemulsion - Poly- 
meric surfactant - Alkanediol - 
Small-angle X-ray scattering - Static 
light scattering 



Introduction 

Microemuisions are optically isotropic, transparent or 
translucent, and thermodynamically stable dispersions 
of two immiscible liquids stabilized by surfactant(s). The 
thermodynamic stability arises from the balance be- 
tween low positive interfacial energy and the negative 
entropy due to dispersion terms, and so the net free 
energy of formation of the system is zero or negative [1]. 
Classical microemuisions are based on conventional 
ionic [2] and nonionic [3] surfactants. The use of 
polymeric surfactants in microemulsion stabilization 
was suggested by Riess et al. [4] in 1977. Subsequently, 
Boutillier and Candau [5] studied systematically the 
structure of water and oil dispersions stabilized by 



polymeric emulsifiers. More recently Mays et al. [6] 
prepared microemuisions using triblock copolymer of 
ethylene oxide/propylene oxide/ethylene oxide. 

As a part of a current investigation on microemui- 
sions formed with polymeric surfactants, different oils 
and cosurfactants were tested. In this work, we 
present microemulsion formation using ABA block 
copolymer, Arlacel P135, isopropyl myristate as oil 
and 1,2-hexanediol as a cosurfactant. The use of this 
alkanediol as a cosurfactant was reported by Kahlweit 
et al. [7] in the preparation of microemuisions using 
lecithin or glucoside surfactants. To characterize these 
microemuisions small-angle X-ray scattering (SAXS), 
conductivity and static light scattering have been 
used. 
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Experimental 

Products 

The surfactant is a polyester-polyether-polyester ABA block 
copolymer (Arlacel PI 35), the head group B is a poly(ethylene 
oxide) chain (PEO) while the two tails A are poly(12-hydroxyste- 
aric acid) (PHS) which was from ICI Surfactants. This surfactant is 
an amber waxy solid and its density is about 0.94 g/cm^. The 
weight-average molecular weight is 6809 g/mol. The area per 
molecule calculated from molecular models is about 235 A^/ 
molecule. The isopropyl myristate was supplied by ICI Surfactants 
and was used as received. 1,2-Hexanediol (purity >97%) was 
purchased from Fluka. Water was deionized by Milli-Q filtration. 



Phase diagram 

The pseudoternary phase diagram was determined by titration of 
water/surfactant/cosurfactant mixtures with a mixture of surfact- 
ant and oil. This method allows the total surfactant concentration 
to be constant. The samples were homogenized with the aid of a 
vibromixer. The microemulsion phase boundaries were determined 
by visual inspection. 



Conductivity measurements 

Conductance was measured with a Crison model 525 conductime- 
ter and a Crison electrode 1.05. The measurements were carried out 
using an electrolyte solution (NaCl 0.01 M) instead of water. 



SAXS measurements 

SAXS measurements were carried out using a Kratky camera of 
small angle (Braun) and a Siemens KF 760 (3 kW) generator. The 
wavelength corresponding to the Cu Ka line (1.542 A) was used. 
The linear detector was a PSD-OED 50 (Braun) and the 
temperature controller was a Peltier KPR AP PAAR model 
working at 25 °C ± 0.1. The sample was inserted between two 
Mylar sheets with a 1 mm separation. The SAXS spectra were 
smoothed and desmeared using the procedure of Singh et al. [8]. 
These spectra were put on an absolute scale using a Fupolen 
standard [9]. The transmission of the samples ranged from 18 to 
60%. To take into account the background noise we considered 
that the isopropyl myristate is the continuous phase in these 
systems; therefore, the isopropyl myristate spectrum was subtracted 
from all the spectra with the appropriate level. The absolute 
intensity as a function of the scattering vector modulus {q) is 
obtained. 



Static light scattering measurements 

A Malvern Systems 4700c argon laser (488 nm) of variable power 
(max. 75 mW) was used. The dispersed light as a function of 
scattered angle was measured. 



Results and discussion 

Phase behavior 

The partial pseudoternary phase diagram for the system 
studied is shown in Fig. 1 at a constant polymeric 
surfactant concentration of 20% at 25 °C. The micro- 
emulsion phase, L 2 , extends from the cosurfactant/oil 



1,2-Hexanediol 




Fig. 1 Partial phase diagram of the system water/Arlacel P135/l,2- 
hexanediol/isopropyl myristate, with a constant concentration of 
polymeric surfactant of 20% at 25 °C 

axes to the center of the diagram, solubilizing up to 36% 
of water. Multiphase regions are formed when the 
amount of water is increased beyond the solubilization 
limit. To characterize the microemulsion region three 
different groups of samples were analyzed. The samples 
chosen are indicated as points 1-25 in the phase diagram 
of Fig. 1. One group, 1-10, corresponds to samples with 
constant surfactant and oil concentrations. The second 
group, 11-17, corresponds to samples with constant 
surfactant and water concentrations and the cosurfact- 
ant is exchanged for oil. The third group, 18-25, 
corresponds to samples with constant surfactant and 
alkanediol concentrations and the oil is exchanged for 
water. This last variable was used to prepare other 
samples at polymeric surfactant concentrations of 5 and 
10%. For the same surfactant/alkanediol ratio, the 
amount of water solubilized for these two new groups 
decreases to 2.5 and 10%, respectively, whereas, as 
already stated, the system with 20% of surfactant can 
solubilize about 36%. The compositions of the samples 
studied are given in Table 1. 



SAXS measurements 

In this paper we present preliminary results on the 
structure and we only attempt a qualitative description 
of the behavior. It is difficult to know how the surfactant 
adsorbs at the interface due to its polymeric nature. The 
chain conformation can be modified by small changes in 
solvent quality, therefore, it can be difficult to assign a 
meaningful area per molecule, polar and apolar volumes 
and adsorbed layer thickness. 

The SAXS spectra that correspond to samples 1-10 
with constant surfactant/oil ratio are shown in Fig. 2. 
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Table 1 Composition of mi- 
croemulsions 





Arlacel PI 35 
% by weight 


Hexanediol 
% by weight 


Isopropyl myristate 
% by weight 


Water 

% by weight 


Sample 

number 


Group 1 




60 


20 


— 


1 


(see Fig. 1) 




56 


20 


4 


2 






52 


20 


8 


3 






48 


20 


12 


4 






44 


20 


16 


5 






40 


20 


20 


6 






36 


20 


24 


7 






32 


20 


28 


8 






28 


20 


32 


9 






24 


20 


36 


10 


Group 2 


20 


48 


- 


32 


11 


(see Fig. 1) 




44 


4 


32 


12 






40 


8 


32 


13 






36 


12 


32 


14 






32 


16 


32 


15 






24 


24 


32 


16 






20 


28 


32 


17 


Group 3 




24 


55.6 


0.5 


18 


(see Fig. 1) 




24 


55 


1 


19 






24 


54 


2 


20 






24 


51 


5 


21 






24 


46 


10 


22 






24 


41 


15 


23 






24 


36 


20 


24 






24 


31 


25 


25 


Corresponding 


10 


12 


77.5 


0.5 


26 


to group 3 




12 


77 


1 


27 






12 


76.5 


1.5 


28 






12 


76 


2 


29 






12 


74 


4 


30 






12 


72 


6 


31 






12 


70 


8 


32 






12 


68 


10 


33 




5 


6 


88.5 


0.5 


34 






6 


88 


1 


35 






6 


87.5 


1.5 


36 






6 


87 


2 


37 






6 


86.6 


2.5 


38 



The absolute intensity as a function of q is represented in 
a log-log plot. The samples with low water content 
( < 8^wt%) show a correlation peak at a ^ value of 
0.4 whereas the concentrated samples (>24 wt%) 
show a more intense peak at 0.05 A” . Samples with 
water composition between 12 and 20% show both 
peaks. The peak situated at medium q could be 
attributed to microemulsion droplet formation. The 
position of this peak, D*, does not change with this 
composition variable. 

D* (1) 

If the specific area (E) is fixed by the total surfactant 
amount, it is constant for these three groups of samples. 
With this assumption and according to model predic- 
tions [10], the position of the scattering peak should 
vary in proportion to the volume fraction, 0. As this is 



not the case, the above assumption must be wrong and 
E should increase as (j) increases (the volume fraction to 
be considered corresponds to the sum of the water 
volume fraction and the hydrophilic part of the 
surfactant). 

T>*E oc (j) (2) 

This would imply that part of the surfactant should pass 
from the continuous phase to the interface if the 
cosurfactant does not play a major role in the total 
interface. This would allow for the swelling of the drop- 
lets. However, as the peak position is constant, the 
structure density n (n being the density of droplets or the 
density of points for a DOC model [11]) should 
be constant (Eq. 1). This would imply an increase in 
the intensity; however, this increase could be partly due 
to the contrast variation. 
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Fig. 2 Small-angle X-ray scattering spectra of samples with constant 
surfactant/oil ratio as a function of water content (samples 1-10) at 
25 °C 



The other peak situated at high q, which disappears 
as the water content increases, may be attributed to the 
self-association of the alkanediol. This peak is also 
observed in the alkanediol spectrum. Whereas the 
association of alkanediols in heptane was studied by 
Salcedo and Costas [12], to our knowledge the structure 
of pure alkanediol has not been reported yet. 

Samples with constant surfactant and water concen- 
trations, 11-17, show both structures. In fact, the 
sample without oil also has the microemulsion peak; 
therefore, the alkanediol behaves both as cosurfactant 
and as oil. The alkanediol aggregate peak disappears as 
the oil content increases. In this group, there is also an 
absence of a microemulsion peak shift. Because 0 is 
constant this implies that E should be constant. 
Therefore, the intensity variation of the spectra cannot 
be due to the change in the droplet number or to 
swelling of the structures. Although, this change is 
quite big, we can only explain it by variation of the 
contrast. 

Samples with constant surfactant and cosurfactant 
concentrations, 18-38, show both structures at low 
water content. The alkanediol aggregate’s peak disap- 
pears as the water content increases. In this case, the 
microemulsion peak displace to a lower q a.s cj) increases 
up to a constant value. The behavior when D* is 
constant is analogous to the behavior explained for the 
first group of samples. As D* increases the structure 
density, «, decreases. This implies that the radius, R, 
should increase as (f> increases (this behavior is observed 
in classical microemulsions [13-17]. Simultaneously, E 
could be constant or increase, the second option being 
the most reasonable because this is congruent with the 
observed behavior at higher volume fraction. 



Analysis of conductivity results 

The conductivity results given in Table 2 show that as 
the electrolyte solution content increases the conductiv- 
ity increases; however, the observed increase is bigger 
than would be expected if only the increase in electrolyte 
amount is considered. This means that the system could 
be changing the structure as the water content increases. 
However this increase is not as high as would be 
expected for a bicontinuous structure [14, 17-21]. This 
expected value should correspond to two-thirds of the 
conductivity of the system if the sample has the aqueous 
solution as continuous phase [22, 23], which for this 
solution is about 0.15 Sm“'. Therefore, this increase 
could be explained if the system is close to percolating 
but it phase-separates before complete structure inver- 
sion or the system could be forming connected networks 
with increasing connectivity. 



Static light scattering measurements 

Figure 3 shows the logarithm of intensity versus q^ for 
sample 16 (Fig. 1). The intensity decreases to a constant 
value. The slope of a straight line fitted to the first part 
of the curve, at low q, is related to the radius of the 
droplets according to the law of Guinier. The radius 
obtained is about 100 nm. This high value could be 
attributed to the formation of microemulsion droplet 
clusters [24] or to connected structures as indicated from 
the conductivity results. A similar Guinier radius is 
obtained for all the samples studied. 



Conclusions 

Water-in-oil microemulsions based on Arlacel P135, 
isopropyl myristate, water and 1,2-hexanediol could be 
prepared containing up to 36% of water. From this 
picture it seems that at low volume fraction and at 
constant surfactant and cosurfactant concentrations the 
structure could correspond to droplets of increasing size. 
For the other cases either aggregation or connected 
networks could explain the high conductivity and the 
peak-shift behavior. However, in any case the total 
surface at total surfactant content would depend on the 
overall composition. Therefore, structure models cannot 
be applied with the usual assumption of the total surface 
being proportional to the amount of surfactant. From 
the SAXS measurements self-association of 1,2-hexane- 
diol is observed. In the absence of oil, 1,2-hexanediol 
acts both as a cosurfactant and as an oil. 
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lable 2 Values ot volume 
fraction determined from the Sample 

composition, scattering peak number 

position observed from their 


4 > 


D* (A) 

Microemulsion 


D* (A) 

1,2-Hexanediol 

aggregates 


Conductivity 
(10“' S/m) 


small-angle X-ray scattering 










spectra and conductivity results 1 


0.0596 




17.45 




for three groups of samples 2 


0.0986 




16.98 


1.36 


(described in Table 1) at 25 °C 3 


0.1371 




17.95 


3.78 


4 


0.1561 


132.19 


19.63 


7.764 


5 


0.2125 


134.51 


19.39 


13.06 


6 


0.2494 


136.38 


19.45 


23.01 


7 


0.2859 


139.41 




34.09 


8 


0.3218 


139.41 




61.29 


9 


0.3573 


136.92 




80.6 


10 


0.3923 


134.51 




111.28 


11 


0.3573 


134.51 


21.3 




12 


0.3573 


134.51 


20.9 


66.4 


13 


0.3573 


127.78 


23.01 


65.67 


14 


0.3573 


134.51 




67.28 


15 


0.3573 


141.99 




71.78 


16 


0.3573 


144.67 




86.87 


17 


0.3573 
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Fig. 3 Static light scattering spec- 
trum for the sample with a com- 
position of 20% Arlacel P135, 
32% water, 24% 1,2-hexanediol 
and 24% isopropyl myristate at 
25 °C 
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Abstract Lipase from Pseudomonas 
cepacia has been immobilized in 
lecithin or AOT microemulsion- 
based gels formed with two natural 
gelling agents such as gelatin and 
agar. The results presented in this 
work provide information concern- 
ing the utility of these solid gels as 
lipase immobilization matrices. Li- 
pase keeps its catalytic activity after 
entrapment in the microemulsion- 
based gels, catalyzing the esterifica- 
tion reaction of propanol with lauric 



acid in isooctane. Eligh yields (80%) 
were obtained with agar organogels 
after 72 h of incubation at room 
temperature. Gelatin and agar mic- 
roemulsion-based gels exhibited 
good stability with regard to both 
retention of lipase catalytic activity 
and gel integrity. 

Key words Biocatalysis - Micro- 
emulsion - Polymer gel - Lipase - 
Organogels 



Introduction 

It is well established that many enzymes can be 
solubilized in water-in-oil (w/o) microemulsion systems 
(reverse micelles), retaining their catalytic activity [1]. 
Microemulsions provide an aqueous phase to host 
hydrophilic enzymes, an interphase for surface-active 
enzymes, and an organic phase for hydrophobic sub- 
strates or products. In such systems the enzymes are 
active, as regards the conversion of both hydrophilic and 
hydrophobic compounds [2, 3]. 

The major problem which must be solved for the 
application of a microemulsion system in industrial 
processes is the recovery of the products and the 
regeneration of the enzyme. Usual techniques such as 
extraction and distillation lead to poor separations 
because of the problems of emulsion-forming and 
foaming caused by the presence of surfactant. One 
approach to simplify the recovery of the product and the 
enzyme reuse from microemulsion based-media has been 
the use of gelled microemulsion systems [4]. Interesting- 
ly, many w/o microemulsions can be “gelled” by the 
addition of gelatin, yielding a matrix suitable for enzyme 



immobilization. The preparation of gelled microemul- 
sion systems was first reported in 1986 [5, 6], involving 
the gelation of w/o microemulsions based on AOT or 
lecithin into monophasic optically transparent rigid 
systems by mixing with an aqueous gelatin solution 
above the gelling temperature. By cooling at room 
temperature a transparent gel is formed which has 
reproducible physical properties. These enzyme-contain- 
ing gelatin-based gels are rigid and stable in various non- 
polar organic solvents and may therefore be used for 
biotransformations in organic media [4, 7-10]. The 
structural characteristics of these gels have been the 
subject of a number of studies [11-14]. Under most 
conditions the gel matrix fully retains the surfactant, 
gelatin, water and enzyme components, facilitating the 
diffusion of non-polar substrates or products between a 
contacting non-polar phase and the gel pellets. Using 
systems based on gelatin and AOT w/o microemulsions, 
preparative-scale synthesis of a wide range of esters was 
possible in small batch or column reactors even at 
temperatures as low as -20 °C [4]. 

In this work, we report the immobilization of 
Pseudomonas cepacia lipase in AOT or lecithin micro- 
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emulsion-based gels (MG) formulated with biopolymers 
such as gelatin and agar in non-polar organic solvents. 
The esterification of 1 -propanol with lauric acid was 
chosen as a model esterification reaction in order to 
examine aspects of both the activity and stability of the 
immobilized lipase system. 



Experimental 

Materials 

Lipase from P. cepacia was supplied by Sigma with a quoted 
specific activity of 90 U/mg of powder. Lecithin, containing 18- 
26% phosphatidylcholine, was purchased from Serva and was 
purified by column chromatography [15]. Gelatin (Bloom 300) was 
obtained from Sigma, and malt extract agar was obtained from 
Merck. Millipore purified water was used. 



Preparation of microemulsions and microemulsion-based gels 

The lecithin microemulsions were prepared as follows. In 3.8% w/w 
lecithin in isooctane containing 5% v/v 1-propanol, appropriate 
amounts of lipase in 25 mM Tris-HCl (pH 7) were added, and the 
final water content was adjusted by the addition of the required 
amount of buffer. AOT-based microemulsions were prepared by 
adding the same buffered solution of lipase in a stock solution of 
0.15 M AOT in isooctane. 

Lipase-containing MGs were prepared by introducing appro- 
priate amounts of microemulsion containing lipase to a second 
solution of polymer (gelatin or agar) in water. In a typical 
experiment, 2 cm^ of lecithin microemulsion were gelled with 0.8- 
1.4 g of gelatin and 2.4 cm^ of water at 55 °C, 0.45-0.7 g of agar 
and 5 cnr of water at 60 °C. In the case of agar gels, agar was first 
solubilized in water at 100 °C. The mixtures were vigorously 
shaken and stirred until homogeneous (about 5-10 min) and 
allowed to cool at room temperature to yield MGs. The gels were 
stored in a freezer until use. 



Lipase-catalyzed reactions 

The determination of lipase activity was based on the measurement 
of the initial rate of propyl laurate synthesis. The gel (5 cm^) was 
cut into approximately 15 pieces and placed into a reaction vial. By 
adding 15 cm^ of isooctane containing various amounts of 
1 -propanol and lauric acid, the reaction was initiated. The vial 
was stirred at 150 rpm and 25 °C. At fixed intervals, samples of 
50 fd were taken from the vial and analyzed by gas chromatogra- 
phy (GC). 



GC analysis 

The reactions were monitored by measuring the propyl laureate 
concentration by GC, using a Hewlet Packard HP 6890 chromato- 
graph, equipped with a 50 m capillary column, BOX 70 (SEE), and 
a FID detector. Nitrogen was used as the carrier gas at a flow rate 
of 10 cm^/min, with the detector port temperature at 250 °C. The 
oven temperature was kept constant for 1 min at 120 °C, and 
linearly increased (10 °C/min) up to 240 °C. The reaction product 
was quantified on the basis of its response relative to the internal 
standard, i.e. dodecane. 



Results and discussion 

Formation of MGs containing lipase 

Two natural polymers such as gelatin and agar have 
been used for the formation of stable MGs in isooctane. 
The aim of our work was to find gels that are suitable for 
enzyme immobilization and their application in enzyme- 
catalyzed reactions. For this purpose, AOT or lecithin 
w/o microemulsions containing an enzyme (lipase from 
P. cepacia) were gelled to pseudosolid gels after mixing 
with aqueous solutions of natural polymers. The lipase- 
containing gel was cut into suitable pieces and added 
to a hydrocarbon which contained lipase substrates 
(1 -propanol and lauric acid). 

The formation of MGs with various natural polymers 
depends on the nature of the polymers and on their 
molar fraction. Namely, gelatin forms lecithin MGs with 
a mass fraction of gelatin in the gels (wgeiatin) from 0.16 
to 0.25 and agar forms MGs with iVagar from 0.060 to 
0.095. MGs formed with gelatin and agar at the above 
concentration range of biopolymers were stable and 
maintained their structural integrity for several days in 
contact with isooctane. 

Tables 1 and 2 show the effect of the mass fraction (w) 
of polymers (gelatin and agar) in AOT and lecithin MGs 
on the rate of esterification of 1 -propanol with lauric acid 
catalyzed by immobilized P. cepacia lipase in isooctane. 
Figure 1 shows typical reaction profiles for the enzymatic 
synthesis of propyl laurate in various gels. As can be 
seen, the esterification rate depends on the nature of the 
biopolymer and surfactant used. The highest esterifica- 

Table 1 Effect of mass fraction of gelatin in lecithin and AOT gels 
on the esterification rate of 1 -propanol with lauric acid catalyzed by 
lipase from Pseudomonas cepacia. MGs were prepared as described 
in the Experimental section with 2 cm^ of microemulsion. The 
amount of lipase was 0.8 mg 





Esterification rate (mM h ') 


Mass fraction (w) 


Lecithin gelatin MG AOT gelatin MG 


0.16 

0.20 

0.25 


2.9 1.4 
3.0 1.2 
3.3 1.2 


Table 2 Effect of mass fraction of agar in lecithin and AOT gels on 
the esterification rate of 1 -propanol with lauric acid catalyzed by 
lipase from P. cepacia. Reaction conditions as described in Table 1 




Esterification rate (mM h ') 


Mass fraction (w) 


Lecithin agar MG AOT agar MG 


0.060 

0.075 

0.095 


7.5 3.5 

8.6 4.8 

8.6 5.1 
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Fig. 1 Typical reaction profiles for the synthesis of propyl laurate 
catalyzed by Pseudomonas cepacia lipase (0.8 mg) in lecithin and AOT 
MGs formulated with gelatin and agar. MGs were prepared as 
described in the Experimental section; the mass fraction of biopoly- 
mers was 0.20 for gelatin and 0.075 for agar 

tion rate was observed with lecithin gels formulated with 
agar, while the lowest rate was observed with AOT gels 
formulated with gelatin. As can be seen from Tables 1 
and 2, an increase of the mass fraction of the biopolymers 
slightly increases the esterification rate in all gels used 
except in the case of AOT MGs formulated with gelatin, 
where the reaction rate slightly decreased. 

Effect of enzyme reuse 

In this study, the operational and storage stability of 
immobilized lipase from P. cepacia was investigated. 
Table 3 shows the storage stability data obtained in 
MGs formulated with gelatin and agar. As can be seen, 
the immobilized lipase exhibits good stability, in both 
gels, for a storage period of 30 days at 4 °C. 

Immobilized lipase in lecithin MGs formulated with 
gelatin and agar were reused five fimes for the esterifi- 
cation of 1 -propanol with lauric acid in isooctane. After 



Table 3 Storage stability of agar and gelatin gels formulated with 
lecithin microemulsion. Reaction conditions as described in 
Table 1 



Duration of storage (days) 


Esterification rate (mM h ') 


Agar MG 


Gelatin MG 


0 


8.6 


3.3 


5 


8.6 


3.3 


15 


8.4 


3.2 


30 


8.1 


3.2 




Number of experiments 

Fig. 2 Operational stability of various MGs containing P. cepacia 
(0.8 mg) lipase in isooctane. The mass fraction of biopolymers is as 
described in Fig. 1 

each run, MGs containing lipase were washed with 
isooctane and filled wifh fresh substrafe solution. 
Reaction rates of propyl laurate formation with repeated 
use of immobilized lipase are shown in Fig. 2. As can be 
seen, the remaining lipase activity, after each run, 
depends on the nature of the biopolymer used for the 
formation of the MGs. Gelatin gels showed higher 
operational stability than agar gels. The operational 
lipase stability presented in this work seems to be lower 
than that observed by Rees et al. [4] for the C. viscosum 
lipase immobilized in gelatin MGs, where 75% of initial 
activity remained after 15 successive runs performed 
over a 30-day period in «-heptane. This difference can be 
attribufed fo the fact that, in the case of C. viscosum 
lipase, the operational stability was measured to only 
10% of substrate conversion while in our work the 
conversion after 24 h of incubation was significantly 
higher (30-60% depending on the nature of biopoly- 
mer). The large quantities of water formed as a co- 
product in the latter case accumulate in the gel matrix 
and therefore in the lipase microenvironment, affecting 
the lipase catalytic behavior [10]. 



Conclusions 

Lipase-containing microemulsions based gels formulat- 
ed with various biopolymers such as gelatin and agar 
have considerable potential for their application in 
biotransformations. Lipase immobilized in gelatin and 
agar MGs showed good stability in catalyzing esterifi- 
cation reactions under mild conditions with high 
conversion yields. 
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Abstract The micelle formation and 
adsorption phenomena at the air- 
water interface of polyoxybutyl- 
enenated higher alcohol sodium sul- 
fates (R0[CH2CH (C2H5)0]^ 
SOsNa where R = CgHjv, C10H21, 
C12H25, C14H29 and m — 1, 2, 3, 
and 4) were investigated in aqueous 
solution by surface tension mea- 
surements over a concentration 
range 10”^-10“^ mol/dm^ at 20 °C. 
These were synthesized from Cg-Ci4 
alcohols and a-butylene oxide and 
subsequently sulfated with CISO3H. 
The critical micelle concentration 
(CMC) and Gibbs free-energy 
change of micellization, were 

determined from the surface tension 
data of the solutions. It was found 



that the CMC values of the com- 
pounds studied decrease with the 
increasing chain length of polyoxy- 
butylene and the increasing number 
of carbon atoms in the alkyl group. 
The change in cohesion energy, 

ITbo = 1-85 kT, for polyoxybuty- 
lene chains was determined (0.60 per 
oxybutylene unit). This is compara- 
ble with the van der Waals energy of 
interaction per CH2 group, Rchi, in 
adjacent hydrocarbon chains due to 
micelle formation. 



Key words Polyoxybutylene alcohol 
sulfates - Surface tension - Micelle 
formation 



Introduction 

It has been found that the incorporation of polyoxy- 
propylene or polyoxybutylene fragments into nonionic 
or ionic surfactant molecules influences many of their 
surface activity properties [1-9]. Polyoxybutylene frag- 
ments can contribute to the total hydrophobicity of 
the surfactants [10-12] or only a part of it, e.g., when 
forming the hydrophobic core of surfactants together 
with hydrocarbon chains [13]. In previous papers I have 
reported the relationship between surface activity and 
the structure of butylene oxide-ethylene oxide block 
copolymers. The latter class of compounds was obtained 
by the addition of a-butylene oxide to monofunctional 
initiators (e.g. alcohols), followed by the addition of 
ethylene oxide [14]. There is a lack of information in the 
literature about the influence of polyoxybutylene chains 
on the surface activity of anionic surfactants. 



The aim of this work was to synthesize the 
compounds R0[CH2CH(C2H5)0]mS03Na abbreviated 
as C„B„OS03Na, with a precisely known number of 
polyoxybutylene groups in the hydrophobic part of the 
surfactant molecules. This enables quantitative deter- 
mination of a relationship between critical micelle 
concentration (CMC) values and the number of oxy- 
butylene groups expressed as CH2 equivalents in alkyl 
groups. 



Materials and methods 

Polyoxybutylene glycol alkyl monoethers were synthesized from 
Cs-Ci 4 alcohols and a-butylene oxide in the presence of the 
respective alcohol sodium alkoxylates. The detailed experimental 
procedure for the preparation of each particular butylene oxide 
adduct has already been reported [14]. A polydispersed mixture 
of the reaction products was fractionally distilled under reduced 
pressure in a Vigreux column, and the operation was repeated 
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several times. The purity of the particular monoethers was better 
than 99% as determined by gas-liquid chromatography (GLC). 

Into a cooled, vigorously stirred solution of a given poly- 
oxybutylene glycol alkylmonoether (0. 1-0.2 mol) in CCI4, a 
10 mol% excess of chlorosulfonic acid was introduced slowly at 
a rate that ensured the temperature remained below 5 °C. The 
hydrogen chloride evolved was continuously removed with a 
stream of dry nitrogen. After 1 h, 100 cm^ of methanol was slowly 
introduced and the solution was subsequently neutralized with a 
40% w/w aqueous NaOH solution at around 0 °C. After approx- 
imately 2 h the solvents were evaporated and the residue was 
dissolved in a hot methanol/iso-propanol mixture. The product was 
further purified from residual inorganic salts by repeated recrys- 
tallization from the same solvent mixture. Yields of purified 
sulfates were 65-75%. The analysis for sulfur agreed with the 
theoretical values with an average deviation of 0.15% S. All sample 
solutions were prepared by dissolving the surfactants into triple 
distilled water. 

The surface tension of surfactant solutions was measured as 
a function of bulk surfactant concentration mol/dm^ with a 
Wilhelmy-plate-type tensiometer and a Kriiss K 12e (Germany) 
automatic tensiometer equipped with a du Nouy Pt-Ir ring. The 
equilibrium surface tension was determined as the value obtained 
when the surface tension became constant, within 0.1 mN/m for at 
least 10 min. All measurements were carried out in thermostated 
devices maintained at a constant temperature of 20 °C. All 
glassware and the Wilhelmy plate were washed in an aqueous 
solution of chromic acid and sulfuric acid, rinsed in triple distilled 
water and dried before each measurement. 



Results and discussion 

It is well established that the surface activity depends on 
the length and structure of the molecules, and also to a 
lesser extent on the kind of hydrophilic group. The 
surfactants studied in this work possessed a hydrophobic 
fragment, which consisted of a normal hydrocarbon 
chain and a polyoxybutylene chain. The presence of the 
sulfate group in these compounds allowed them to 
dissociate electrolytically, which made the compounds 
very water soluble. The equilibrium surface tension, y, of 
aqueous solutions of the studied sulfates plotted against 



the logarithm of the molar concentrations, log c, 
are presented in Figs. 1 and 2. The y data allowed 
calculation of the surface excess concentration, T, at the 
aqueous solution-air interface based on the Gibbs 
adsorption equation for 1:1 electrolyte. The slopes of 
the curves of y vs log c below the CMC were determined 
from quadratic fits. The minimum surface area per 
molecule ^cmc, near the CMC was calculated from the 
fitted dependence. The values of T and ^cmc obtained 
for Cg-Ci 4 monoether sulfates are given in Table 1. The 
CMC values were taken as the concentration at the 
point of intersection between the quadratic and linear 
portions of the plots. The CMC, the value of constant 
surface tension ycMC^ obtained for the sulfates studied, 
are summarized in Table 1. The CMC values decrease 
with the increasing length of the hydrocarbon and the 
polyoxybutylene chains. The ycMC values increase with 
an increasing number of oxybutylene units in a 
homologous series of sulfate compounds. It is known 
that, when the length of the hydrocarbon chains are 




-5 -4 -3 -2 

log c 

Fig. 2 Surface tension versus the logarithm of the concentrations of 
polyoxybutylenated dodecyl alcohol sodium sulfates at 20 °C 



Fig. 1 Surface tension versus the 
logarithm of the concentrations 
of polyoxybutylenated decylalco- 
hol sodium sulfates at 20 °C 




log C 



-5 



-4 



-2 



-1 






138 



Table 1 Surface properties of polyoxybutylenated higher alcohol 
sodium sulfates 



R 


m 


Tcmc 

mN/m 


10" X r 

mol/m^ 


lO^” X A 
m^ 


K, 


kJ/mol 


«-CgHi7 


1 


39.2 


2.46 


67 


0.78 


37.7 




2 


40.3 


2.36 


70 




41.8 




3 


41.4 


2.30 


72 




46.9 




4 


42.3 


2.20 


75 




52.0 


«-CioH21 


1 


38.3 


2.45 


68 


0.73 


42.8 




2 


39.4 


2.44 


70 




47.4 




3 


40.7 


2.37 


70 




53.0 




4 


41.6 


2.38 


71 




58.1 


«-Ci2H25 


1 


37.1 


2.31 


68 


0.68 


47.4 




2 


39.4 


2.41 


66 




53.0 




3 


40.8 


2.51 


64 




57.1 


r7-Ci4tt29 


1 


37.5 


2.57 


64 


0.66 


52.9 




2 


38.9 


2.58 


64 




47.9 



similar, nonionic surfactants possess considerably lower 
values of CMC than ionic surfactants. 

A detailed description of the micellization process of 
surfactants was presented by Shinoda et al. [15], who 
linked the CMC with the length of the hydrophobic 
chain, the number of electric charges on the surfactant 
and the counter-ion concentration. The relationship 
between the CMC and the number of C atoms in the 
alkyl group of a normal ionic surfactant can be 
expressed by the following equation; 

where n is the number of C atoms in the hydrophobic 
group (e.g. alcohol), IfcHj is the van der Waals energy of 
interaction per CH 2 group in adjacent hydrocarbon 
chains due to micelle formation (the change in cohesion 
energy), is the effective electrostatic energy coefficient 
(the slope of the function log CMC against counter-ion 



concentration), k is the Boltzmann constant and T is the 
absolute temperature. 

The relationship above may be used to express the 
CMC of studied surfactants as a function of poly- 
oxybutylene chain length as follows: 



In CMC = 



nWcu2 

{\+K^)kT 



mWao 

{\+K^)kT 



+ const. 



( 2 ) 



where W^o is the van der Waals energy of the reciprocal 
interaction per oxybutylene (BO) unit, comparable to 
Bch 2 - a nearly linear relationship of log CMC versus 
«ch 2 was obtained when the number of oxybutylene 
units per molecule was kept constant; this is shown in 
Fig. 3. The slope of these plots was found to be in the 
range 0.27-0.28, and was nearly identical to the values 
found for alkyl sulfates containing no BO units. The 
data in the literature indicate that the relationship; log 
CMC versus «ch 2 > for alkyl sulfates of the C„ 0 S 03 Na 
type, is linear for 12 < « < 16. The slope is 0.294, and the 
Aig value was found to be equal to 0.61, assuming that 
1 Tch 2 = 109 kT. 

As shown in Fig. 4, the CMC values of surfactants 
decrease with increasing polyoxybutylene chain length 
and the relationship between log CMC and the number 
of BO units is linear. Such dependency made it possible 
to establish the exact relationship between a polyoxy- 
butylene chain and an aliphatic hydrocarbon CFI 2 
group, with respect to their effect on the CMC. The 
slopes of these curves were found to be in the range 
0.42-0.48. From the relationship in Eq. (2) W^o = 
1.75 1.95 kT was calculated, giving a value equivalent 

to the values for CH 2 fragments in aliphatic alcohols. 
The value of the latter is ca. 0.60 BO units. 

Based on this work it can be stated that the influence of 
oxybutylene groups on the surface activity and mice- 
llization characteristics of sulfate-type anionic surfactants 
is significantly higher than that observed for nonionic 



Fig. 3 Relationship between 
log CMC versus the number of 
carbon atoms in the monoether 
alkyl groups; the number of 
oxybutylene units remained con- 
stant 




n 
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Fig. 4 Relationship between 
log CMC versus the number of 
oxybutylene units of the sulfate- 
bearing molecules 




block copolymers of butylene oxide and ethylene oxide 
(RBE). The cohesion energy JVbo for RBE is 0.92- 
0.99 kT, which corresponds to 1.06-1.15 oxybutylene 
groups per CH 2 group [14]. The standard free energy of 
micellization, was calculated from the equation: 

In CMC = (2 - oc)f?rinx (3) 

where x is the CMC in mol fraction units and a is the 
micellar degree of dissociation (a = 0.18 for sodium 
alkyl sulfates [16]). From the values of given in 

Table 1, an increment of the standard free energy of 
micellization per oxybutylene group, was 



calculated. It was found that for all compounds 
investigated is almost constant and is ca. 5 kJ/ 

mol. Values of for the higher alcohol polyoxy- 

butylenated sodium sulfates indicate a hydrophobic 
character for the oxybutylene groups in these com- 
pounds. It can be concluded that incorporation of 
polyoxybutylene chains into anionic surfactants results 
in higher surface activity in aqueous solution and will 
therefore modify other surface properties, e.g. the 
wetting ability, foam height and emulsion stability. 
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Abstract Complexes formed by a 
partially sulfated polysaccharide 
(from the unicellular micro alga 
Porphyridium sp.) and surfactant 
homologues of alkyltrimethyl- 
ammonium bromide were investi- 
gated using various techniques, such 
as small and wide angle X-ray scat- 
tering, optical phase interference 
microscopy and nuclear magnetic 
resonance (NMR). The scattering 
data suggest an average regular 
ordering at both microscopic and 
mesoscopic length scales, the second 
of which varies with the surfactant 
tail length. The NMR spectrum, 
however, reveals a large variation of 



structural features around this aver- 
age. The dynamics of the surfactant 
molecules, inferred from the NMR 
spectrum and relaxation times, re- 
semble those found in crystalline 
surfactant phases. Transparent self- 
standing ‘biofilms’ were also pro- 
cessed from the complex; the 
microstructure seems to be largely 
invariant whether the complex is in 
powder or in film form. 

Key words Sulfated polysaccharide - 
Alkyltrimethylammonium bromide - 
Small angle X-ray scattering - Wide 
angle X-ray scattering - Nuclear 
magnetic resonance 



Introduction 

There has been a large amount of research on the 
behavior of polyelectrolyte (PE) systems, using both 
natural and synthetic PEs, whereby fundamentally one 
tries to understand the emerging complex interaction 
and aggregation phenomena. There are also numerous 
technical applications, for example, viscosity enhance- 
ment by PEs. More specifically, many sulfated polysac- 
charides (PSs) have an anti-viral activity; the one used in 
the present work, a charged PS from the unicellular alga 
Porphyridium sp., is similar to others known to have 
such antiviral activity [1]. 

One way to modify the properties of PE systems is to 
mix them with surfactants, leading to extensive studies 
of PE/surfactant interactions, both in liquid [2-A] and 
liquid crystalline/solid state [5-8]. When the applied 
surfactants are ionic, they are concentrated in the close 
vicinity of an oppositely charged PE, and therefore self- 
aggregate at a concentration (CAC, critical aggregation 



concentration) often far below the critical micelle 
concentration (CMC). Above the CAC, there is often 
an associative phase separation, where one phase is 
enriched in a complex between the charged PE and the 
oppositely charged surfactant, and the other phase with 
the small counter-ions originally belonging to the PE 
and the surfactant [9]. (It might be worth noting that a 
simple PE/ionic surfactant/ water system ought to be 
represented by a quaternary phase diagram, in the same 
way as a mixture of two simple but different salts, such 
as NaCl and KBr, in water [10]). For a high enough 
molecular weight, the PE-surfactant-rich phase usually 
precipitates. The PE-surfactant complex can also be 
concentrated, if the other phase, rich in counter-ions, 
is replaced with water. By using these principles, it is 
possible to construct solid PE-surfactant complexes 
whose properties can be tuned by either changing the 
PE or the surfactant. 

The PE, whose complex with surfactants is investi- 
gated here, is a natural PS (i.e., polydisperse and not 
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entirely free from other components, such as proteins) 
which means that the resulting structures are probably 
less regular than the ones obtained in systems with 
synthetic PEs. However, there are many potential 
practical applications that require biocompatibility, 
and these will be based on biopolymers, thus necessitat- 
ing studies like the present one [11, 12]. 



Experimental 

Sample preparation 

The charged PS is extracellular and surrounds the red marine 
microalga Porphyridium sp. (Psp.); the algae were grown and 
controlled as reported previously [13], The crude PS-seawater 
solution was dialyzed against distilled water until the conductivity 
reached 1 pS>. We chose to keep the natural salt conditions during 
dialysis, thus complying with the original ion specificity of the PS. 
Another possibility, not followed here, is to ion exchange towards 
a standard ion solution, which makes the system better controlled 
but further from natural conditions. 

The PS has a molecular weight average of ^5-1 MDa, measured 
by size exclusion chromatography [14] and by using an intrinsic 
viscosity method [15]. It bears negative charges, on average wt% 
acid and ^^20 wt% sulfate residues [16], and is rather stilf with a 
Kuhn length of 70 nm in solution [15]. The main sugars in the 
polysaccharide backbone are xylose ('--^40%), galactose (^^30%) and 
glucose (^^15%). The aldobiouronic acid [3-0-(a-D-glucopyranosy- 
luronic acid)-L-galactopyranose] is one basic building block [17] for 
this PS. Three different sulfated sugars have been found, glucose 
6-sulfate, galactose 6-sulfate and galactose 3-sulfate [18]. No 
repeating sequence has yet been determined; in fact there is 
evidence that the PS is a heteropolymer, both from size and charge 
data [14, 16]. A protein moiety of 66 kDa is associated with the PS 
[16, 19] at a concentration of wt%. 

We used two different batches of the PS, one sterilized in an 
autoclave and the other by adding 2-5 mM sodium salts of methyl 
/7-hydroxybensoate and «-propyl p-hydroxybensoate. The results 
obtained on the two resulting sets of materials were nearly 
identical. The surfactants used were alkyltrimethylammonium 
bromides, a C„TAB homologue where n = 16, 14, 12. 

Hexadecyltrimethylammonium bromide (C16TAB, Aldrich), tetra- 
decyltrimethylammonium and dodecyltrimethylammonium bro- 
mides (C14AB and C12TAB, Sigma) were all approximately 99% 
pure and used as purchased. ot-^H-Ci6TAB was synthesized as 
described previously [20]. Potassium bromide (99% + ) and N,N- 
dimethylformamide (Sigma) were used as purchased. 

To modify our PS physically, we followed the procedure of 
Antonietti et al. [21]. PS solution (1 wt%) was added drop by drop 
into the surfactant solution which was prepared at a concentration 
of wt%. The surfactants were kept at high excess, at least 3 
times for the a-^H-Ci6TAB and ^^10 times for the others. 
Immediately, a crude solid-like complex was formed which was 
magnetically stirred overnight and washed with deionized water 5 
times with repeated stirring and filtering. Finally, a clean PS- 
surfactant complex was obtained which was dried and ground into 
a fine powder. The water content in the dried powder was 
determined by heating the material for several days at 120 °C 
and was found to be 10-15%. 

The surfactant content in the C16TA-PS complex was estab- 
lished to be 50-60 wt% by comparing the mass-normalized 
intensities of the NMR spectra of the complex (obtained as 
described below) and of pure a-^H-CieTAB. Moreover, *'Br NMR 
on the complex, dissolved in H2SO4 (cone.), provided an upper 
limit of 1 wt% for the Br concentration in the complex. While there 



were some scattering peaks for the crude C16TA-PS complex, which 
indicated the presence of pure crystalline C16TAB, they disap- 
peared after successive washes with deionized water. 

One generic property of this kind of PE-surfactant complex is 
that they can easily be processed into polymeric films [22]. To do 
this, the complex must first be made into a one-phase solution using 
a suitable solvent. One option is to use strong electrolytes; however, 
the salt co-precipitates with the C„TA-PS upon water evaporation. 
Instead, we applied dimethylformamide (DMF) as a solvent and a 
transparent film was duly formed by solvent evaporation on both 
ceramic and glass supports. 

X-ray scattering 

The small angle X-ray scattering (SAXS) and the wide angle X-ray 
scattering (WAXS) curves were obtained by directing Ni-filtered 
(40 kV, 40 mA) Cu Kot radiation (Seifert ISO-3000, sealed tube 
generator) through an MGB-SWAX system, employing Kratky 
collimation and two linear position-sensitive detectors (Mbraun 
Graz Optical Systems, Graz, Austria). The SAXS and WAXS 
detectors measure the intensity as a function of the scattering 
vector, q, defined as: 

q = 4nsm{9/2)/ A , (1) 

where 0 is the scattering angle and a the wavelength. One detector 
(SAXS) measures the small angle region 0.8<g<5.7 (nm“') and 
the other (narrow range WAXS) measures the region 
13 < < 18 (nm“'). The characteristic length d of the system is 
derived from the location of the peak, q^^-ak^ in the scattering curve 
as: 

d = 2tiI ^peak • (2) 

Samples in powder form were put into glass capillaries, sealed using 
epoxy glue and placed parallel to the collimation-slit direction. 
Film samples were applied on Scotch tape and set orthogonal to the 
X-ray beam. Full-range wide-angle scattering (diffraction) patterns 
(4.3<g<28) (nm“') of powders were obtained by using Cu Ka 
radiation from a Philips generator operated at 40 kV and 28 mA 
equipped with a graphite monochromator, a PW 1050-70 gonio- 
meter and a scintillator detector. Figure 1 shows the SAXS and 
Fig. 2 the full-range WAXS curves. 




Fig. 1 Small angle X-ray scattering (SAXS) intensity curves for the 
C„TA-PS complexes in powder form, for n = \2 {dotted line), 14 
{dashed line) and 16 {solid line), normalized with respect to the 
intensity of the main beam 
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Fig. 2 Full range wide angle X-ray scattering (WAXS) curves for the 
CnTA-PS complexes with n=\2 (dotted line), 14 (dashed line), 16 (solid 
line), and for the pure polysaccharide (PS) complex (dashed-dotted) 
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Fig. 3 The nuclear magnetic resonance (NMR) spectrum of 
the a-^H-Ci6TAB-PS complex (solid line). The dotted line is the result 
of de-convoluting the spectrum into symmetric powder NMR spectra 
with different quadrupole coupling constants (see Fig. 5). For clarity, 
the residual (dashed line) is shifted 



Optical phase interference microscopy 



In this technique the interference pattern from a surface is recorded 
using a charge coupled device (CCD) camera, and processed by 
computerized image analysis, which transforms the data carried by 
interference fringes into a detailed, three-dimensional image. This 
resulting picture has a sub-nanometer resolution in the vertical 
direction and a micrometer-range horizontal resolution and a large 
field of view [23]. The measurements for the film surface were 
performed on a Zygo New View 200 system. The film-air interface 
was investigated directly, while the interface against the glass 
support was mapped after carefully loosening the film from the glass 
and turning it around. 

NMR 

A NMR spectrum of the a-^H-Ci6TAB-PS complex, with the 
powder pressed and put into a 5-mm sample tube, was acquired on 
a Bruker AMX-300 system using a high-power solid-state amplifier 
and a solenoid probe. The quadrupolar echo method [24] was used 
to obtain a distortion-free spectrum, shown in Fig. 3. Transverse 
relaxation times (T 2 ) across the spectrum were measured by varying 
the echo time. The inversion recovery pulse sequence with 
quadrupolar echo detection was used for measuring the longitu- 
dinal relaxation times (Tj) across the spectrum. 



Results and discussion 

Powders 

As established from the NMR intensities, the volume 
fractions of the surfactant and the PE components are 
about the same in the solid complex. This makes it 
probable that the surfactant molecules are arranged in 
aggregates while the PE molecules occupy the space 
in-between. Since the SAXS spectra indicate only a 
characteristic length and lack higher order peaks, we 
have no information about the symmetry of the 
mesoscopic order (inverse hexagonal or lamellar). The 



SAXS peaks from the different complexes, shown in 
Fig. 1, are rather broad, which can be ascribed either to 
large-scale heterogeneity within the sample or to a short- 
range spatial or orientational disorder of the surfactant 
aggregates. The normalized scattering intensity for the 
CieTA-PS complex is about one order of magnitude 
higher than that for complexes with the other two 
surfactants, which may indicate a higher fraction of 
ordered surfactant domains in the CieTA-PS system. If 
it was more ordered, the peak would be narrower; higher 
intensity means more domains. With increasing surfact- 
ant tail length, the locus of the SAXS peak moves to 
lower q values (Fig. 4), and thus to longer characteristic 
lengths (Eq. 1). When the surfactant tail length is 
changed by two methylene groups, the characteristic 
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Fig. 4 The characteristic scattering length for the homologue of 
C„TA-Psp [n = 12, 14, 16 for both powders {filled symbols) and films 
(open symbols)) 
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length changes by 0.3-0. 8 nm. This is consistent with an 
isomorphic growth of the aggregates, corresponding to a 
change of ^0.5 nm per two methylene groups [25]. 

As concerning the molecular arrangement within the 
aggregates, the very broad WAXS peaks (Fig. 2), which 
correspond all to a 0.4 nm distance, suggest three 
possible structures: (1) liquid-like chains, (2) amorphous 
solid chains, or (3) strongly tilted chains. Non-tilted 
solid-like chains are excluded by the lack of their 
distinctive diffraction peak [26]. 

The NMR spectrum (Fig. 3) narrows the range 
of options. Obviously, the spectrum cannot be described 
by a single quadrupole coupling constant, defining a 
symmetric or asymmetric powder spectrum [27-29]. On 
the other hand, there are not enough distinctive features 
to allow the identification of a unique model for the 
data. The relaxation data are not distinctive either, since 
the variation of both parameters across the spectrum 
was found to be weak (in the order of 10%); the average 
T 2 is about 60 while Ti is about 10 ms. Hence, we 
fitted the experimental spectra into two distinct models 
that represent two limiting cases. In the first model, we 
assumed a distribution of quadrupole coupling con- 
stants and only symmetric quadrupole coupling tensors. 
The spectra were then fitted, using a non-negative least 
square algorithm [30] from Matlab, in terms of the 
relative intensities of contributions with different quad- 
rupole couplings (Fig. 5). In the second model, the 
spectrum was assumed to be the sum of an asymmetric 
and a symmetric powder spectrum; the non-linear least 
squares fit (Fig. 6) provided their relative proportions 
and their respective NMR parameters, given in Table 1. 
The theoretical lineshape expressions included the 
homogeneous line broadening corresponding to 
T 2 = 60 fis. 



1 

£ 

O) 

(D 

5 

(D 

> 



0 

0 200 400 600 

Quadrupole coupling constant (ks 

Fig. 5 The distribution of the quadrupole coupling constant obtained 
by de-convoluting the experimental NMR spectrum into the sum 
of symmetric powder spectra with different quadrupole coupling 
constants 
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Fig. 6 The experimental ^Fl NMR spectrum {solid line) and the best 
fit {dashed line) for two powder spectra, one with a symmetric and one 
with an asymmetric quadrupole coupling tensor. The dotted line shows 
the residual 



Table 1 Parameters of the two-component fit to the NMR 
spectrum as defined in the text and shown in Fig. 6 



Relative weight 


Asymmetry 


Quadrupole 


Quadrupole 


of the asymmetric 


parameter, 


coupling of the 


coupling of 


component 


n 


asymmetric 


the symmetric 






component 


component 






(M s^‘) 


(M s^') 


73% 


0.53 


0.36 


0.12 



The first obvious point is that the large quadrupole 
splittings obtained (see Figs. 3, 6 and Table 1) exclude 
chains with a liquid-like mobility. The quadrupole 
coupling constants obtained in the two different line- 
shape fits are, on average, about half of the quadrupole 
coupling constant for solid a-^H-CieTAB. This can be 
most naturally interpreted as the signature of a fast (on 
the timescale of the inverse quadrupole splitting) axial 
rotation of the surfactant chains, as observed in 
crystalline surfactant phases [31]. If this axial motion 
has at least threefold symmetry around the axis, the 
resulting residual quadrupole coupling, reflected in the 
spectrum, is symmetric; if the symmetry is less (as in 
aggregates with a tilted chain) the spectrum is asym- 
metric. The spectrum can be interpreted well in terms 
of a very wide distribution of symmetric quadrupole 
couplings alone. However, the weak variation of the 
relaxation rates across the spectrum and the reasonably 
good fit of the simple two-component model in Fig. 6 
suggest instead that most of the surfactants exhibit 
asymmetric quadrupole coupling tensors, i.e., the chains 
are tilted within the aggregates. 

Some measure of the chain dynamics (at the 
a-position of the C16 chain) can be obtained from the 
measured relaxation times. First, we must assume that 
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the dominant mechanism contributing to both the 
longitudinal and the transverse relaxation rates is the 
fast axial rotation, which means that the fluctuating 
coupling is in the order of half of the coupling for solid 
a-^H-CieTAB. Then, the two experimental relaxation 
times can be matched to the theoretical expressions 
describing quadrupole relaxation [32, 33] as: 



2rc ^ 8 tc 

Ti 80 ji 1 + (cooTcf 1 + {IcooTcf 



( 3 ) 



1 



80ti 



3 tq + 



5 tc 

1 + (ffloTc)^ 



2 tc 

1 + (2cooA) 



( 4 ) 



where x (s ') is the quadrupole coupling constant, ig (s) 
is the average correlation time, and ojq (s“') is the 
resonance frequency for deuterium. Finally, the average 
correlation time is of the order of 10-100 ns. (This could 
be further checked by measuring the frequency depen- 
dence of the longitudinal relaxation rate.) 



Films 

The X-ray scattering patterns, both at wide (not shown) 
and small (Fig. 7) angles, are similar to those in the 
powders, although the differences in scattering intensity 
between the C„TA-PS complexes with different surfact- 
ant tail lengths are reduced. This might be connected 
to the longer time scale needed for the formation of 
mesoscopic ordered films, days instead of fraction of 
seconds, as was the case for powder precipitation. The 
diffraction peaks in the SAXS curves for the films 




Fig. 7 SAXS intensity curves for the C„TA-PS films, n=l2 {dotted 
line), 14 (dashed line), 16 (solid line) 



indicate somewhat shorter characteristic lengths than 
those in the corresponding powders (Fig. 4). 

Optical phase interference microscopy (OPIM) was 
used to investigate the surface topology of the films 
formed on glass supports. The freely formed, three- 
dimensional film-air interface is rough and shows no 
regularity; the rms deviations for the height distribution 
are 0.317 /rm, 0.496 /im and 0.525 iim, and the peak-to- 
valley distances are 6.7 /rm, 10.2 /rm and 10.8 /rm for 
C12TA-PS, C14TA-PS and C16TA-PS, respectively. For 
the constrained glass-polymer interfaces, smoother sur- 
faces were created, although without any observable 
regularity (Fig. 8). Here the rms deviations for the 
height distribution are 0.015 /im, 0.010 fim and 
0.023 /im, and the peak-to-valley distances 0.085 /im, 
0.112 /im and 0.176 fiin for C12TA-PS, C14TA-PS and 
CigTA-PS, respectively. In addition to the main effect of 
a smoother surface towards the support, the interface 
formed shows a somewhat rougher surface when longer 
surfactant tails are used. 



Concluding remarks 

The solid complexes that were produced by mixing a 
partially sulfated PS from the unicellular micro algae 
Porphyridium sp. with alkylmethylammonium surfact- 
ants exhibit a mesoscopic (^4 nm) order, as clearly 
witnessed by the prominent first-order diffraction peaks 
in SAXS. To accommodate both the surfactant and the 
PS, which have approximately the same volume frac- 
tions, the most probable molecular arrangement is 
surfactant aggregates with the PS in-between. This idea 
is further supported by the observed nearly isomorphic 
variation of the scattering distance with the surfactant 
length. 

However, the material is disordered enough (that is, 
has little long-range order) to present no higher-order 
diffraction peaks in SAXS. ^H NMR sheds some light 
on the molecular origin of this disorder by revealing a 
wide variation of quadrupole spectral parameters, such 
as the coupling constant and the asymmetry factor. The 
measured relaxation times and coupling constant mag- 
nitudes are consistent with a model where the axial 
rotation of the surfactant chains on the 10-100 ns time 
scale reduces the molecular quadrupole coupling con- 
stant to a residual value. Most probably, this axial 
rotation has a low symmetry which indicates tilted 
surfactant chains within the aggregates. This type of 
tilted arrangement is consistent with the WAXS data as 
well. It is as yet unclear whether one can ascribe the wide 
distribution of spectral parameters to a single dominant 
mechanism, such as tilt angle variation. 

The complexes formed can be processed into self- 
standing transparent films that are promising for 
possible future applications. Their surface is smooth, 
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Fig. 8 Optical phase interference pictures of C12TA-PS and C16TA- 
PS film surfaces from the glass-PS interface. The in-plane and out-of- 
plane resolutions are '/im and <nm, respectively 

as shown by the OPIM pictures, and their microstruc- 
ture is similar to that of the powders. 
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Abstract The micellization dynam- 
ics of Pluronic L64 in aqueous NaCl 
solutions was investigated by em- 
ploying the stopped-flow (SF) tech- 
nique. With salt-jump experiments 
(i.e. fast increase of NaCl concen- 
tration) it was possible to study the 
aggregation dynamics for solutions 
that initially contained only un- 
imers, since the addition of NaCl 
induces micellization. Using the ca- 
pability of SF to observe reversible 
as well as irreversible reactions a 
wider range of solutions that con- 
tain micelles with different struc- 
tures could be investigated than are 
accessible by relaxation techniques 
such as the iodine laser temperature- 
jump technique. 
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Introduction 

Triblock copolymers formed from poly(ethylene oxide)- 
poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO- 
PEO, also known by their trademark names Pluronics 
(BASF) or Poloxamers (ICI)) are nonionic surfactants 
which have encountered wide use in industry [1, 2]. One 
of the key features of these block copolymers is that 
their aggregation behavior is dependent on the ratio 
between the hydrophobic (PPO) and hydrophilic (PEO) 
components and their total molecular weight [3-5]. 
Micelles which have a PPO core and a PEO corona are 
formed above a characteristic concentration (critical 
micelle concentration, cmc) or temperature (critical 
micelle temperature, cmt) [6], 

The structural properties of Pluronic micelles have 
been extensively reported [4, 5, 7-10]. From light- 
scattering data it was shown that the particle size and/ 



or number density increases significantly above the 
cmt until phase separation is reached at the cloud 
point (CP) [8, 11]. The cmt is dependent on the 
experimental conditions, such as the block copolymer 
concentration [6, 12] or the presence of salts [12, 13]. 
Micellization of Pluronics can be induced by either 
increasing the temperature or by adding NaCl, since in 
both cases a stepwise dehydration of the unimers 
occurs. In this respect the increase in temperature is 
equivalent to an increase in NaCl concentration. It has 
been proposed, based on viscosity and rheological 
measurements, that the size and shape of micelles is 
the same at equal temperatures relative to the CP [13]. 
However, structural parameters, such as aggregation 
numbers or the degree of dehydration have not been 
compared. 

The dynamics of micellization has been a more con- 
troversial issue, since the observed relaxation phenomena 
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have been attributed to different processes [11, 14-19]. 
We recently reported a systematic temperature study 
covering the whole temperature range between the cmt 
and the CP [20] which uncovered the presence of three 
distinct relaxation processes. The micellization dynamics 
is critically dependent on temperature. At temperatures 
close to the cmt the first and second relaxation processes 
are observed, which have positive and negative ampli- 
tudes, respectively. The first process corresponds to the 
incorporation of unimers into micelles [11, 16, 20], which 
leads to an increase in the size and/or number of 
micelles; however, the micellization process is not 
complete with one relaxation, since the first process is 
followed by the second one, which has a negative 
amplitude. This latter process corresponds to the 
redistribution of the micelles into smaller stable struc- 
tures, which involves cooperative effects [20]. As the 
temperature is raised the relaxation lifetimes and the 
amplitude for the second process decrease until it 
disappears at moderate temperatures (L64, T- 
cmt ~10 °C). At even higher temperatures a third 
process with a positive amplitude was encountered 
[20], which is related to the clustering of the micelles 
until phase separation occurs at the CP. 

In this work we show that stopped-flow (SF) is a very 
useful technique to study the micellization of Pluronic 
block copolymers when salt-jump experiments are 
performed. In particular, it is possible to study the 
dynamics for very different initial and final states from 
the micelle structural point of view, which corresponds 
to experimental conditions that cannot be achieved with 
relaxation methods such as the temperature-jump tech- 
nique. The latter technique is limited to investigations 
near an equilibrium, but SF experiments can access 
reversible as well as irreversible processes. 



Experimental 

The Pluronic L64 (EO13PO30EO13, nominal = 2900 g/mol, 
PEO weight content of 40% PEO/PPO = 2/3) was a gift from 
BASF (Parsipanny, New York) and was purified by vigorously 
stirring 1 g for 30 min in 100 ml hexane at 20 °C, followed by 
separation of the hexane phase which was discarded. This 
procedure was repeated 3 times. The liquid L64 was then stirred 
for 3 h at 60 °C and dried for 24 h with a water aspirator to extract 
residual hexane. The importance of the purification of Pluronics 
has been shown previously [20]. The NaCl (Merck, p.a.) was used 
without further purification. Purified water (Milli-Q Ultra Pure 
Water System) was employed to prepare aqueous solutions of NaCl 
and L64. The latter were kept for 6 h at 15 °C before being filtered 
through 0.22 pm Millipore filters. 

An RF-5000 Shimadzu fluorimeter was employed to measure 
the light scattering at 360 nm and 90°, whereas a UV-2100 
absorption spectrometer was used for measurements at 0° (turbid- 
ity). The sample temperature was controlled with a Haake F3-C 
bath and the temperature was changed at a rate of 0.2 °C/min by 
using a Haake PG 20 controller. No hysteresis was observed for the 
light-scattering intensities when the sample was heated and then 
cooled. 



Stopped-flow experiments were performed on an Applied 
Photophysics SX. 18MV instrument and the light-scattering inten- 
sity was collected at 360 nm and 90° in the fluorescence detection 
mode of the instrument. The solutions were mixed at a 1:1 ratio and 
the stock solutions in 5-ml syringes were contained in a chamber 
kept at a constant temperature by a Haake C25 bath. One syringe 
contained the L64 solutions in water, whereas the second syringe 
contained either pure water or the NaCl solutions. The final L64 
and NaCl concentrations are always halved when compared to the 
stock solutions. Mixing was achieved by applying a nitrogen 
pressure between 5 and 8 bar for 200 ms to the system. The total 
volume used for mixing was about 200 p\. Between four and six 
data acquisitions were averaged for each set of experiments. The 
activation of mixing, acquisition of data and data analysis were 
performed with the SX. 18MV spectrometer software (Applied 
Photophysics) installed on an Acorn Rise PC. 



Results 

The light-scattering intensities of the L64 solutions are 
proportional to the particle size and concentration. The 
cmt values were observed at the point at which the light- 
scattering intensity increased and they were determined 
to be 37.0 and 34.2 °C for 0.625 and 1.25% w/v L64, 
respectively [20]. A decrease in the cmt was observed for 
solutions of 0.625% w/v of L64 in the presence of 0.5 M 
(cmt = 31.2 ± 0.3 °C) and 1 M NaCl (cmt = 25.3 ± 

0. 3 °C) and the light-scattering intensities for these 
solutions (C and D in Fig. 1) were always higher than 
those observed for the solution of 1.25% w/v of L64 in 
water (A in Fig. 1). 

Light scattering can be employed as the detection 
methodology for the SF experiments involving L64 
copolymer solutions because the changes in scattering 
intensity between the unimers and micelles are large. 
In this respect, our study is similar to that reported for 
di- and triblock copolymers containing polystyrene [21]. 
Two different types of experiments were performed. The 
first type of measurements were dilution experiments in 
which the ionic strength of the medium was not changed, 

1. e. a jump from curve A to curve B in Fig. 1 was 




Temperature /°C 



Fig. 1 Light-scattering curves of L64 measured at 360 nm and 90°. 
A\ 1.25% w/v L64 in water (•); B: 0.625% w/v L64 in water (O); 
C: 0.625% w/v L64 in the presence of 0.5 M NaCl (A); D: 0.625% 
w/v L64 in the presence of 1 M NaCl (□) 
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performed. For experiments measured between 34.2 and 
37 °C this jump corresponds to an initial state where 
the solution contains Pluronic micelles to a final state 
where the solution contains only unimers, since in this 
temperature range the final solufion composition is 
below its cmt at 0.625% w/v; however, above 37 °C the 
dilution experiment corresponds to a jump between 
micelle solutions with different structures. In the second 
type of experiments, called salt-jump measurements, the 
micelle dynamics was measured when the ionic strength 
of the medium was changed (jumps between A and C 
or A and D). In this case, the final solutions always 
contained micelles, whereas the initial solution con- 
tained micelles when experiments were performed above 
34.2 °C but it contained only unimers when the temper- 
ature was below the cmt. 

In the salt-jump experiment there was always a 
dilution of the L64 sample. For this reason, it was 
important to establish if relaxation processes were 
observed due to the dilution of the L64 sample in the 
absence of NaCl. The two processes that can lead to a 
decrease in the light-scattering intensity in the dilution 
experiments are the physical dilution of the number of 
aggregates by one-half and the change in the structure of 
the micelles. The latter is due to the fact that the cmt 
increases as the L64 concentration is decreased, which 
leads to changes in the aggregation numbers if the final 
solution contains micelles ( > 37 °C) or leads to the 
complete dissociation into unimers for experiments below 
the cmt (37 °C). The physical dilution is expected to occur 
within the dead time of the SF equipment (0.8-1. 5 ms), 
but the structural changes could occur on a longer 
timescale. Above and below 37 °C a decrease in the light 
scattering was observed, but no relaxation process was 
registered suggesting that all changes occurred within 



1 ms. These experiments indicated that any relaxation 
processes observed in the salt-jump experiments were not 
due to the dilution of the L64 sample. 

The salt-jump experiments were performed under 
conditions in which the final stale always contained 
micelles, although the L64 solution was diluted (curves 
C and D in Fig. 1). For experiments performed below 
34.2 °C the jump occurred from solutions containing 
only unimers to solutions containing micelles, and the 
relaxation process showed a positive amplitude (Fig. 2A 
for an NaCl concentration of 0.5 M). At 35 °C and a 
final NaCl concenlrafion of 0.5 M we observed a fast 
relaxation time with positive amplitude followed by a 
slow relaxation with negative amplitude (Fig. 2B), 
whereas at temperatures between 37 and 39 °C only 
the relaxation with the negative amplitude was observed; 
however, the lifetime of the relaxation process with 
negative amplitude decreased as the temperature was 
raised (Fig. 3). At temperatures above 41 °C a relax- 
ation process with positive amplitude (Fig. 2D) which 
slows down as the temperature is raised was observed 
(Fig. 3). In contrast to the second and third relaxation 
processes, which were adequately fitted to a monoexpo- 
nential function, the first growth process at 33 °C (NaCl 
concentration of 0.5 M) was more complex and could 
not be fitted to a mono-exponential growth. The first 
relaxation process was adequately fitted to the sum of 
two exponentials where the major component (0.99) has 
a lifetime of 37 ms and the minor component (0.01) has 
a lifetime of 1 10 ms. It is important to point out that this 
two-exponential fit does not have a physical meaning, 
but only shows that this relaxation process is complex in 
nature. 

Qualitatively the same behavior was observed when 
the final NaCl concenfration was 1 M, buf the temper- 



Fig. 2 Stopped-flow kinetics 
traces when mixing 1.25% w/v 
L64 in water with 1 M NaCl 
at different temperatures 
(A: 33 °C; B: 35 °C; C: 39 °C; 
D: 45 °C). The final L64 and 
NaCl concentrations are 
0.625% w/v and 0.5 M, respec- 
tively. The signal intensity of 
the final solution was set as zero 



>■- 0.04 



- 0.08 
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Fig. 3 Relaxation times for mixing of 1.25% w/v L64 in water with 
either 1 M NaCl {open symbols) or 2 M NaCl {dosed symbols). The 
final L64 concentration is 0.625% w/v and the final NaCl 
concentrations are 0.5 and 1 M for the open and closed symbols, 
respectively. The circles (O, •) correspond to the fast component of 
the first relaxation process, the squares (□, ■) correspond to the 
relaxation with negative amplitude and the triangles (A, A) 
correspond to the relaxation process with positive amplitude at high 
temperatures. The vertical line corresponds to the critical micelle 
temperature of the initial solution. The lines connecting the points 
were added to aid visualization 

ature at which the initial positive signal and the negative 
relaxation were simultaneously observed was lower 
(33 °C, Fig. 3) than that measured for a final NaCl 
concentration of 0.5 M. The same behavior was ob- 
served for the onset of the relaxation process with 
positive amplitude above the cmt. The nonexponential 
behavior of the first process was more pronounced when 
the final concentration was 1 M. The slow component 
contributes to up to 20% of the growth. Both, the fast 
and slow components of the first process decreased with 
the increase in temperature (Fig. 3, fast component). 



Discussion 

In the dilution experiments a decrease in the light- 
scattering intensity is expected to occur within the dead 
time of the mixing of the SF equipment of 1 ms, since 
the L64 concentration is halved and the number density 
of the micelles should decrease. The dilution of L64 
leads to a higher cmt value for the final solution, and for 
experiments between 34.2 °C and 37 °C the final stale 
contains only unimers. The fact that no relaxation 
process was observed suggests that the micelles fall apart 
within 1 ms. It is important to note that this time does 
not represent the lifetime of a micelle in a nonperturbed 
solution, since in the SF experiments the micelles in 
thermodynamic equilibrium suddenly experience a non- 
equilibrium situation which leads to their decomposi- 
tion. This breakdown could be related to the fast 
incorporation of water into the micelles and the falling 
apart of the micelles into smaller aggregates containing 
only a few unimers, which lead to a weak scattering 
intensity. In connection with this, the formation of 



oligomers of L64 below the cmt has recently been 
reported [22]. 

For experiments performed above 37 °C the initial 
and final solutions contain micelles. In addition to the 
decrease in the number density of the micelles, the 
structure of the micelles also changes, since the initial 
and final states are at different temperature increments 
from the cmt. A decrease in the aggregation number is 
expected since the solution for the final state is closer to 
its cmt value. This assumption is based on small-angle 
neutron-scattering data for P85 [10], where it was shown 
that the copolymer micelles had the same aggregation 
number at constant increments above the cmt and the 
aggregation numbers increased as the temperature was 
raised. Thus, the decrease in the light-scattering intensity 
is due to the additive effect of the lower number density 
of aggregates and smaller micelles. The fact that no 
relaxation process was observed indicates that the 
dissociation of unimers from micelles is faster than 
1 ms. This dissociation of unimers will depend on the 
structure of the copolymer. Indeed for the larger 
Pluronic F127 (M^ = 12 600 g/mol, PEO/PPO = 7/3) 
a signal was observed in the dilution experiment (data 
not shown), suggesting that our assignment of the fast 
process for L64 is reasonable. 

The behavior of the relaxation dynamics in the salt- 
jump experiments is qualitatively similar to that ob- 
served for laser temperature-jump experiments [20]; 
however, caution should be used when comparing these 
sets of experiments since it is expected that the presence 
of salt not only decreases the cmt but also alters the 
micellar structure. There is also a fundamental difference 
between the iodine laser temperature-jump experiments 
and the salt-jump experiments regarding the degree of 
perturbation provided to the system. In the former, only 
a small perturbation related to the heating by a few 
degrees is introduced, whereas for the salt-jump exper- 
iment the final state can be very far away from the 
equilibrium position of the initial state. For example, at 
high enough salt concentrations one could jump directly 
from an initial state where only unimers are present to a 
final state very close to the CP. When the salt-jump 
experiments are performed between states with very 
different properties the relaxation events observed may 
represent a combination of processes that are not 
directly identifiable with either the initial or the final 
states. 

The first relaxation process with positive amplitude 
observed at low temperatures is related to the incorpo- 
ration of unimers so that micelles are formed. When the 
salt-jump experiment is performed at temperatures 
below the cmt of the initial solution (34.2 °C for 
1.25% w/v) the relaxation process observed has to be 
related to the formation of micelles from unimers and 
possibly small oligomers [22], because no micelles are 
present before the NaCl concentration is increased. The 
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incorporation of unimers below the cmt of the initial 
solution becomes faster as the temperature is raised 
(Fig. 3); however, the nonexponential relaxation pro- 
cesses suggest that as the incorporation of unimers into 
oligomers and micelles progresses the incorporation rate 
constants are changed. This is not surprising since it was 
observed that the incorporation rate constants increase 
as the micelle size increases [20]. The nonexponential 
relaxation processes are more pronounced at the higher 
NaCl concentration because the structures of the 
copolymer in the initial and final states are further apart 
than when the salt-jumps are performed at the lower 
NaCl concentrations. 

The second relaxation process has a negative ampli- 
tude indicating that the micelle size and/or number 
density is decreasing. Since we know that the light- 
scattering intensity always increases for the salt-jump 
experiments, there has to be an initial process that 
increases the light scattering even when only the 
relaxation with negative amplitude is observed. For this 
reason, the first relaxation occurs inside the dead time of 
the SF for at least the temperature range where the 
relaxation with negative amplitude is observed; there- 
fore, the incorporation of unimers cannot be measured 
because it is too fast. This interpretation is also based on 
the laser temperature-jump experiments where unimer 
incorporation was always present when the relaxation 
with negative amplitude was observed [20]. The second 
relaxation process is ascribed to the redistribution into 
smaller micelles after the incorporation of unimers, since 
the incorporation of unimers leads to micelles that are 
larger than the final sfable slate. This could be related to 
the incorporation of a higher number of unimers, but 
could also be due to the fact that dehydration of the 
initially formed aggregate is slow. At this point we 
cannot differentiate between these two mechanistic 
pathways. The redistribution process is only observed 
at temperatures close to the cmt of the initial solution. It 
is worth noting that in the presence of 1 M NaCl this 
redistribution occurs even at temperatures below the cmt 
of the initial state, when initially no micelles are present. 

A marked slowdown is observed for the relaxation 
lifetimes of the micelle redistribution with the increase in 
the NaCl concentration. The redistribution process is 



known to involve collisions [20] and the slowdown could 
be related to the presence of micelles which are more 
rigid, and for this reason have a higher activation barrier 
for redistribution. Preliminary laser temperature-jump 
experiments suggest that the redistribution rate constant 
is affected by the presence of NaCl (data not shown). An 
additional effect could be that in the presence of 1 M 
NaCl the system, after the incorporation of unimers, has 
a structure that requires more substantial changes than 
when the system is less perturbed. In other words, the 
further away the system starts from the final equilibrium 
the larger are the structural changes involved and higher 
rearrangement barriers have to be overcome. 

The third relaxation process is related to the cluster- 
ing of micelles as observed in laser temperature-jump 
experiments [20]. The incorporation of unimers and the 
initial formation step of micelles are too fast to 
be detected in the SF experiments. As seen for the 
redistribution process, the lifetimes for the clustering 
process are slowed down when the NaCl concentration 
is raised, suggesting that the clustering process is also 
affected by the presence of NaCl. 

In summary, the salt-induced micellization made it 
possible to study the micellization dynamics of L64 with 
the SF technique. This feature is probably also applica- 
ble to other Pluronic copolymers, and with the careful 
choice of NaCl concentrations it could be employed 
in those laboratories that do not have fast relaxation 
techniques available. In addition, in the salt-jump 
experiments we were able to change the conditions of 
the solutions over a wider range of micelle structures 
than available with the iodine laser temperature-jump 
technique. In this respect, the latter technique leads to 
a small perturbation along the light-scattering curves, 
such as those shown in Fig. 1, whereas the salt-jump 
experiments lead to changes which would correspond to 
temperature gradients larger than 10 °C in a tempera- 
ture-jump experiment. The combination of both tech- 
niques is currently being explored to obtain a 
comprehensive picture of the micellization dynamics. 
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Abstract A series of polyamido- 
amine dendrimers (generations 1.5- 
4.0, with ethylenediamine as the 
central core) has been investigated 
in methanol solution by means of 
the small-angle X-ray scattering 
technique. The comparative analysis 
of the structural properties of inte- 
ger and half-integer generations of 
the dendrimers seems to be domi- 
nated by rather different trends. 
While the integer generations, bear- 
ing terminal amino groups, ap- 
proach a compact space-filling 
structure, the presence of residue 
charges on the terminal carboxylate 
groups in the half-integer genera- 
tions leads to a less compact internal 
structure and a long-range electro- 
static interaction (structural order) 
in the system. 

Key words Dendrimers - X-ray 
scattering - Fractal analysis 



Introduction 

Dendrimers or “starburst” molecules are hyperbranched 
polymers consisting of a central core from which a 
certain number of monomeric units emanate bearing 
functionalities (e.g. amino groups) which act as points 
of further branching in growing successive generations 
[1-3]. Due to the possibility of modulating the structure 



and reactivity of these macromolecules by a proper 
choice of the monomeric unit and by the introduction of 
further substituents on the periphery, dendrimers are 
suitable systems for molecular recognition [4], self- 
assembling processes [3] and catalysis [5]. 

Despite the growing number of applications, up to now 
the clear structural characterization of these systems is 
still poor. It is actually well accepted that higher 
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generations (g > 4) possess a spherical and almost closed 
structure, while, on the other hand, lower generations 
display a more open spherical structure. However, a 
remarkable property of this class of compounds, for lower 
generations, is the intrinsic monodispersivity. 

Some debate still remains on the distribution of 
density in these systems. In addition, the fractal nature 
of starburst dendrimers (in mass and surface) has been 
postulated by Tomalia et al. [1]. Farin and Avnir [6], 
using solvent-accessible surface-area data from size- 
exclusion-chromatography measurements, have proved 
their surface fractality. The application of scaling laws 
to self-similar objects has proven to be successful in 
describing the physicochemical behavior of different 
systems, including polymers [7, 8]. In fractal structures 
the mass M (or the number of monomers N) is related to 
the corresponding radius R by the scaling law 

, ( 1 ) 

where df is the fractal or Hausdorff dimension [9]. The 
surface fractality is given by 5' oc d‘‘^, where S is the 
surface and d the object size. 

The first model of the structure of dendrimers was 
reported by de Gennes and Hervet [10], who proposed a 
picture in which the density is lower at the core region 
and increases on moving to the periphery. The size of the 
dendrimers was found to depend on the number N of 
monomers according to the scaling law R N^'^. Recent 
simulations, based on the kinetic growth model [11], 
molecular dynamics (MD) [12], self-consistent mean 
field calculations [13], Monte Carlo simulations [14, 15], 
on the other hand, show just the opposite trend; 

1. The density of monomers is rather high at the core 
and decreases toward the periphery. 

2. The free ends of the starburst are distributed 
throughout the molecule. 

3. Especially in the case of higher generations, there is a 
consistent degree of chain back-folding. 

4. Different exponents have been proposed to scale the 
dimension of the molecule with the number of 
monomers. 

In order to gain further insight into the structural 
features of this class of compounds, we present com- 
parative small-angle X-ray scattering (SAXS) results on 
the half-integer and integer generations of polyamido- 
amine (PAMAM) starburst dendrimers (with ethylene- 
diamine as the central core, see Chart 1) in methanol 
solution. 



Experimental 

The SAXS experiments were performed at the D22 SAXS station 
of the LURE DCI synchrotron radiation facility (Orsay, Paris). 
The angular range chosen provided data from q = 0.005 to 
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Chart 1 



0.4 A“' (q is the scattering vector equal to 47tsin0//t, 9 is half of the 
scattering angle, and a is the X-ray wavelength). The resulting 
scattering intensities, I(q), were corrected for the incident beam 
decay, sample thickness, and transmission. The background 
scattering from the solvent was also subtracted. 

The PAMAM dendrimers (g = 1.5, 2, 2.5, 3, 3.5 and 4) with an 
ethylenediamine core were obtained from Aldrich as methanol 
solutions and were used as received. 



Results and discussion 

We anticipated that on comparing the mass-scaling 
behavior of PAMAM dendrimers, belonging to half- 
integer and integer generations, we would find that 
charge plays a very important role in determining the 
structural properties of these molecules in solution. 
Interestingly, two different exponents for mass-scaling 
laws seem to apply to the two different series of 
compounds. Such a picture suggests the strong influence 
of partially charged carboxylate terminal groups in 
determining a less dense structure in the half-integer 
generations in comparison with the neutral amino- 
terminated integer generations. The latter are dominated 
by excluded-volume interactions, which drive the rela- 
tive structures toward dense space-filling configurations 
(4 = 3). 
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Fig. 1 Small-angle X-ray scattering (SAXS) intensity profiles of 
polyamidoamine (PAMAM) dendrimers in methanol solution as a 
function of concentration Cp [(a) 10%, (h) 5%, (c) 2.5%, (d) 1.25% 
and (e) 0.75%], for the two generations g = 4, 2 (inset) 

The SAXS spectra obtained for different concentra- 
tions, Cp, of PAMAM dendrimers (generations g = 4 
and 2, Fig. 1) do not indicate any structural organiza- 
tion in the intermediate range of concentrations 
(Cp < 10% w/w for g = 4 and < 20% w/w for 
g = 2). The small interaction peaks observed at higher 
concentration could be ascribed to possible excluded- 
volume effects which start to become sensitive on 
increasing the concentration. A quite different result is 
obtained, on the other hand, for the PAMAM genera- 
tion g = 3.5 (Fig. 2). Pronounced peaks in the corre- 
sponding SAXS spectra, even at concentrations as low 
as Cp = 1% w/w, evidences that a long-range structural 
order between molecules is present in this system. In 
particular, the peaks, which are related to an average 
distance between scattering centers, move to higher 
q values as Cp increases and their position displays 
a Cp*^^ behavior, as expected for spherical objects in 3D 
space (see inset in Fig. 2). 

The observation of a structure factor is in keeping 
with the presence of carboxylate terminal groups in the 
half-integer generations (i.e. 64 residues in g = 3.5) 
of starburst dendrimers. Unlike amino end groups 
present in the integer generations, these groups could 
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Fig. 2 SAXS spectra for the PAMAM generation g = 3.5 in 
methanol, at different concentrations: (a) 10%, (h) 5%, (c) 2.5%, 
(d) 1.25% and (e) 0.75%. In the inset the dependence of the peak 
position on the concentration Cp is shown 



be partially ionized and able to exert a long-range 
electrostatic repulsive interaction, leading to an ordering 
effect throughout the overall structure of the system 
(see later). 

For an assembly of monodisperse or nearly nondis- 
persed particles, such as proteins in solutions or the 
present dendrimers, the scattering intensity distribution 
I(q) can be written as 

Pq{p- p^fy?P{q)s{q) , ( 2 ) 

where po is the number density of the particles, p is the 
average scattering-length density, ps is the scattering- 
length density of the solvent and Vp is the volume of the 
particle. P{q) is the normalized particle form factor 
(normalized to unity at ^ = 0) and S{q) the interparticle 
structure factor which is related to the spatial density 
correlation between scattering objects on length scales 
of 2nq~^. 

It is not always straightforward to separate the two 
contributions from the experimental SAXS spectra, 
especially when the two contributions overlap on the 
same length scales. Generally, at low concentrations of 
the dispersed phase, the absence of structural arrange- 
ments [5(^) s 1] allows the direct determination of the 
dimension R of the scattering object through the 
evaluation of the form factor P(q) [I(q) = P(q)]. For 
spherical particles the scattered intensity in the angular 
range such that qRg 1 (Guinier region), with Rg the 
gyration radius of the particles, is given by [16]: 

7(^)-P(^)=/o(^-^^ (3) 

Equation 3 was used to fit the scattered intensity, I(q), 
allowing for an estimation of the dendrimer dimensions 
under dilute conditions and, in the case of the half- 
integer generations, either by adding a proper amount of 
salt in order to screen the charge-ordering effects which 
make S(q) approximately unity. The radii Rg for the 
various dendrimers are collected in Table 1. These 
values are close to those measured for strictly similar 
systems using size-exclusion chromatography [1]. 



Table 1 Small-angle X-ray scattering results on polyamidoamine 
dendrimer systems in methanol as solvent at 298 K 
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Fig. 3 Scaling law between the dendrimer molecular mass M and the 
experimental radii for the half-integer (O) and integer (•) 
generations 

The dendrimer molecular mass as a function of 
the experimentally determined radius of the mole- 
cules is shown in Fig. 3. The analysis of these data gives 
a slope V = 0.41 ± 0.07, i.e. R^ oc which 

corresponds to a fractal dimension d{ = 2.44 ± 0.4 
(solid line). This value, although quite different from 
V = 0.2 obtained by de Gennes and Hervet [10] and 
from V = 0.22 reported by Lascanec and Muthukumar 
[11], seems to be consistent with the results obtained by 
Farin and Avenir [6] (d[ = 2.41 ± 0.04) and Mansheld 
[14] (c/f in the range 2.45-2.76) for uncharged systems. 

Recently MD simulations [12] showed that de- 
ndrimers, under different solvent conditions, have a 
compact (space-hlling) internal structure (d{ = 3.0 ± 
0.1). Such a result has recently been conhrmed by small- 
angle neutron-scattering (SANS) experimental data [17] 
on poly(propyleneimine) dendrimers (up to g = 5) in 
D 2 O as a function of concentration and pH. In this case, 
it has been shown that the dimension of the dendrimers 
increases linearly with the generation number and 
detectable peaks are present, on decreasing the pH, in 
the SANS spectra. This latter point suggests the presence 
of long-range intermolecular interactions due to the 
protonation of the amino end groups [18]. 

Our experimental finding (for 1.5 < g < 4.0) indi- 
cates a less compact dendrimer configuration; a more 
direct comparison with those results requires our 
analysis to be extended to higher generations (i.e. 
g > 4). In addition, the quite different trends observed 
in the SAXS spectra between the integer and the half- 
integer generations could also influence in some way the 
scaling properties of the corresponding systems. Indeed, 
a close inspection of Fig. 3 (dashed lines) shows that the 
scaling law Rg == M” can be well fitted by two different 
scaling exponents, i.e. Vi = 0.35 ± 0.01 (d[ = 2.86 ± 
0.07) for the integer generations and V 2 = 0.45 ± 0.01 
(df = 2.22 ± 0.04) for the half-integer ones. 




Fig. 4 Comparison between the experimentally determined and the 
calculated S(q), according to mean-spherical-approximation theory 
(see text), for a methanolic solution of PAMAM g = 3.5 (Cp = 5% 
w/w). The solid tine was obtained for an effective charge of Zp = 6e 

The df value for the integer generations indicates that 
the dendrimers assume a structural configuration which 
approaches the limiting case of Rg ~ corresponding 
to a compact space-filling structure. On the other hand, 
such a result can be modified by the presence of 
dissociated and condensed charges within the molecule. 
It is well known, in fact, that depending on the charging 
regime and environment conditions (solvent, ionic 
strength) electrostatic effects can strongly influence the 
structural properties of charged polymer systems [19] 
and polyelectrolyte brushes [20] in solution, as well as 
their scaling properties [8]. 

In our case, dendrimer charge condensation can be 
detected for half-integer PAMAM generations through 
the analysis of the structure factor with a DLVO 
interdendrimer interaction potential [21]. Having the 
potential form, to calculate S{q) we preceded by using 
the statistical-mechanical approach called one-compo- 
nent macroion theory by using the mean spherical 
approximation (MSA) scheme developed by Hay ter and 
Penfold [22]. In such a way to obtain S{q) one needs to 
assign an effective charge Zq, an effective hard-sphere 
diameter a to the disperse particle, and the concentra- 
tion of the particles. 

Using this approach, the dendrimer molecule behaves 
as a colloidal particle with a certain number of surface 
charges Ze, which are responsible for the long-range 
repulsive interaction. The experimental interdendrimer 
structure factor S{q), obtained from SAXS measure- 
ments, has been compared with the theoretical MSA 
curves calculated for different effective charge solutions 
Zq.* In particular a charge of Zq = 6e (over 64 charge- 
able COONa terminal groups) reproduces quite well the 
experimental S{q) for g = 3.5 dendrimers (Fig. 4). 



' S(q) is calculated by dividing the experimental scattered intensity 
obtained respectively in the presence and in the absence of repulsive 
interactions (through addition of 0.14 M LiCl) 
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Conclusion 

The comparison between integer and half-integer gener- 
ations of PAMAM starburst dendrimers points out the 
important role of the charge effect in inducing some 
extent of conformational changes: 

1. Integer generations seem to approach a compact 
space-filling structure, in line with other experimental 
results [17, 23] and theoretical models [12]. 



2. The residual charge in the half-integer generations 
determines the occurrence of a long-range interaction 
potential (structural order) in the system and influ- 
ences the internal structure of the dendrimer. 

Further structural investigations are currently in 
progress in our laboratories to better clarify the role of 
pH, ionic strength and different counterions. 

Acknowledgements We thank CNR and MURST for financial 
support. D.L. thanks INFM for a postdoctoral grant. 



References 



1. Tomalia DA, Naylor AM, Goddard 
WA III (1990) Angew Chem 102: 119; 
(b) Tomalia DA, Naylor AM, God- 
dard WA III (1990) Angew Chem Int 
Ed Engl 29: 138 

2. (a) Mekelburger HB, Jaworek W, 
Vogtle F (1992) Angew Chem Int Ed 
Engl 31: 1571; (b) Issberner I, Moors 
R, Vogtle F (1994) Angew Chem Int 
Ed Engl 33: 2413; (c) Tomalia DA 
(1994) Adv Mater 6: 529; (d) Frechet 
JMJ (1994) Science 263: 1710; (e) Bell 
TW (1995) Science 271: 1077 

3. Zimmerman SC, Zeng F, Reichert 
DEC, Kolotuchin SV (1996) Science 
271: 1095 

4. (a) Jockusch S, Turro NJ, Tomalia DA 
(1995) Macromolecules 28: 7416; (b) 
Jansen IFGA, de Brabander-van der 
Berg EMM, Meier EW (1994) Science 
266: 1226 

5. Reetz MT, Lohmer G, Schwickardi R 
(1997) Angew Chem Int Ed Engl 36: 
1526 



6. Farin D, Avnir D (1991) Angew Chem 
Int Ed Engl 30: 1379 

7. Stanley HE, Ostrowsky N (eds) (1986) 
On growth and form. Nijhoff, Do- 
rdercht 

8. de Gennes PG (1979) Concepts in 
polymer physics. Cornell University 
Press, Ithaca 

9. Mandlbrot B (1977) Fractals, form and 
dimensions. Freeman, San Francisco 

10. de Gennes PG, Hervet H (1983) J Phys 
Lett 44: L351 

11. Lascanec RL, Muthukumar M (1990) 
Macromolecules 23: 2280 

12. Murrat M, Grest GS (1996) Macro- 
molecules 29: 1278 

13. Boris D, Rubunstein M (1996) Macro- 
molecules 29: 7251 

14. Mansfield ML, Klushin LI (1993) 
Macromolecules 26: 4262 

15. Mansfield ML (1994) Polymer 35: 1827 

16. Glatter O, Kratky O (1982) Small angle 
X-ray scattering. Academic Press, Lon- 
don 



17. Scherrenberg R, Coussens B, van Vliet 
P, Edouard G, Brackman J, de Bra- 
bander E, Mortensen K (1998) Macro- 
molecules 31: 456 

18. Ramzi A, Scherrenberg R, Brackman 
J, Joosten J, Mortensen K (1998) 
Macromolecules 31: 1626 

19. (a) Pincus P (1991) Macromolecules 24: 
2912; (b) Alexander A, Chaikin PM, 
Grant P, Morales GJ, Pincus P, Hone 
D (1984) J Chem Phys 80: 5776; (c) de 
Gennes PG, Pincus P, Velasco RM, 
Brochard F (1976) J Phys 37: 1461 

20. Auroy P, Mir Y, Auvray L (1992) Phys 
Rev Lett 69: 93; (b) Mir Y, Auroy P, 
Auvray L (1995) Phys Rev Lett 75: 
2863 

21. Verwey EJW, Overbeek JTG (1984) 
Theory of the stability of lyophobic 
colloids. Elsevier, Amsterdam 

22. Hayter IB, Penfold J (1981) Mol Phys 
42: 109 

23. Stechemesser S, Eimer W (1997) Mac- 
romolecules 30: 2204 





Progr Colloid Polym Sci (1999) 112:157-162 
© Springer-Verlag 1999 



POLYMERS 



M.G. Miguel Associating poiymer-surfactant systems 

E. Marques 

R. Dias 

S. M. Mel’nikov 

A. Khan 

B. Lindman 



Invited lecture, 12th Conference of the 
European Colloid and Interface Society, 
Dubrovnik - Cavtat, 1998 

M.G. Miguel' • E. Marques* • R. Dias' 
S.M. Mel’nikov • A. Khan 
B. Lindman (El) 

Physical Chemistry 1 

Center for Chemistry 

and Chemical Engineering 

P.O. Box 124, S-22100 Lund, Sweden 

Permanent address: 

* Departamento de Quimica 
Universidade de Coimbra 
P-3049 Coimbra, Portugal 



Abstract Some recent illustrations 
of the phase behavior of polymer- 
amphiphile systems in solution are 
presented. Surfactant-polymer asso- 
ciation is demonstrated for various 
amphiphilic synthetic and biological 
polymers both on a macroscopic and 
on a single molecular level. 
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tems - Association and segregation - 
Phase behavior - Surfactant self- 
assembly - Catanionic vesicles 



Introduction 

Mixed systems of macromolecules and amphiphiles are 
ubiquitous in technical products (polymer-surfactant 
mixtures) and have a very broad role in biology 
(biopolymer-lipid mixtures) [1, 2]. Controlling the 
interactions between macromolecules and low-molecu- 
lar-weight amphiphiles is the key to technical perfor- 
mance and biological function [3]. 

Depending on the combination of a macromolecule 
and an amphiphile, the interaction varies and, as a 
consequence, the macroscopic behavior. Thus various 
types of polymers behave quite differently, i.e., charged 
polymers versus nonionic, cationic versus anionic, 
homopolymers versus graft or comb copolymers, etc. 
Early investigations focused on water-soluble homopol- 
ymers interacting with simple surfactants, but in recent 
years much interest has concerned macromolecules with 
pronounced amphiphilic character. Amphiphilic syn- 
thetic polymers comprise a wide range of graft, block 
and star copolymers, while biological examples include 
nucleic acids, proteins and lipopolysaccharides. 



Association and segregation 

Because of the low entropic driving force of mixing, 
polymer-polymer-solvent systems have a strong ten- 
dency to segregative phase separation, i.e., two solution 
phases enriched in either polymer result. Amphiphiles 
show a strong tendency to self-assemble into micelles 
and other structures. Since these have a high effective 
molecular weight, segregation also becomes a typical 
feature of mixed polymer-surfactant solutions [4]. 

The conditions for segregation are entirely different 
if one of the cosolutes, polymer or surfactant, is ionic. 
Then the large entropic contribution from the counter- 
ions becomes a strong driving force for mixing. 

An appreciable attractive interaction between poly- 
mer and surfactant will modify the situation and two 
important phenomena are 

1. The binding of surfactant to the polymer. 

2. An associative phase separation. 

Piculell et al. [5] have identified three distinctly different 
types of surfactant binding to polymers 
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1. An ionic surfactant associates with an oppositely 
charged polymer. 

2. An ionic surfactant shows a strong tendency to 
associate to a slightly hydrophobic, or a weakly 
polar, polymer. 

3. All surfactants associate to polymers with strongly 
hydrophobic parts, for example, hydrophobically- 
modified water-soluble polymers. 

In cases 1 and 2 the interactions are best described in 
terms of a lowering of the critical micelle concentration 
(cmc) of the surfactant and in case 3 in terms of the 
formation of mixed micelles between polymer and 
surfactant. 



Typical phase diagrams 

An aqueous mixture of a rather hydrophobic polymer 
and a nonionic surfactant can phase-separate into one 
dilute solution and one concentrated isotropic phase. As 
illustrated in Fig. 1, the extent of phase separation 
increases with increasing temperature; this is due to the 
decreased polarity of both surfactant and polymer at 
higher temperatures. 

A very strong tendency for associative phase separa- 
tion is displayed by polyelectrolytes mixed with oppo- 
sitely charged surfactants [7-13]. Here a correct 
representation of the phase diagram is not possible in 
the conventional triangular diagram, but a three-dimen- 
sional representation, representing the complete four- 



C12E4 




Fig. 1 Hydrophobic interactions between a surfactant and a polymer 
may induce an associative phase separation; typically this increases 
with increasing temperature. The phenomenon is exemplified by the 
aqueous mixture of an oxyethylene nonionic surfactant, C12E4, and 
a nonionic polymer, ethyl(hydroxyethyl) cellulose. Oi refers to an 
isotropic one-phase region and ([>2 to an isotropic two-phase region. 
From Ref. [6] 



component system, is required. In Fig. 2 the typical 
behavior is given in the illustrative three-dimensional 
pyramid diagram. Water is placed at the top and the four 
sides of the pyramid base are assigned to the four ionic 
components of the system, with ions of the same charge 
located at opposite sides. As can be seen, there are two 
two-phase regions. In the low-salt one there is an 
associative phase separation, i.e., the surfactant and 
the polyelectrolyte form a concentrated phase in equi- 
librium with a very dilute solution. At high salt 
concentrations there is a segregative phase separation, 
i.e., there is one surfactant-rich and one polymer-rich 
solution. At intermediate salt concentrations a homoge- 
nous solution is formed. The pyramid representation 
certainly contains more information than the normally 
used triangular representation, in which one dimension 
is omitted, but due to the difficulties to represent the 
pyramids, triangular phase diagrams are to be preferred 
in many cases. 



DNA and cationic surfactants phase-separate 
associatively 

The phase diagrams of DNA in combination with 
different cationic surfactants have been investigated. As 
illustrated in Fig. 3, there is, as for the analogous 



H2O 




Br" 



Fig. 2 A polyelectrolyte and an oppositely charged surfactant 
typically phase-separate associatively at low electrolyte concentrations 
and segregatively in the presence of high salt contents; at intermediate 
electrolyte concentrations, there is miscibility. The “sail” hanging 
from the pyramid top corresponds to the two-phase region. The dilute 
phase is located to the upper right side, and the concentrated phase to 
the lower side of the “sail”. The example shown is hyaluronan, an 
anionic polysaccharide, and tetradecyltrimethylammonium bromide, 
a cationic surfactant. From Ref. [14] 
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polyelectrolyte-surfactant systems [7], a strong tendency 
for associative phase separation. For DNA the role of 
hydrophobic polymer-surfactant interactions has to be 
further examined. 



DNA compaction in the presence 

of cationic surfactants - an iilustration of association 

With fluorescence microscopy it is possible to visualize 
individual high-molecular-weight DNA molecules [15]. 
Because of the high charge density, DNA in aqueous 
solution exhibits a highly extended coil state at low 
electrolyte concentrations. DNA compaction to a glob- 
ule results on screening the electrostatics [16]. 

On addition of cationic surfactant, DNA compaction 
takes place [17]. At lower surfactant concentrations, 
there is a region of coexistence of coils and globules 
(Fig. 4). 

Cationic surfactant binding to DNA is strongly 
cooperative [18] and is best described as a DNA-induced 
surfactant self-assembly; direct support for this view 
comes, apart from from structural investigations, from 
the fact that the “binding isotherms” are shifted for the 
different surfactant alkyl chain lengths in the same way 
as the normal cmc. 

Surfactant-induced compaction of a high-molecular- 
weight polymer molecule can be seen as a single- 
molecular analogy to the associative phase separation. 
The different parts of the DNA molecule strive in the 
presence of the surfactant to form a concentrated 
domain. 



o Solution 

• Clear solution-i-precipitate 
X Blue solution+precipitate 




Fig. 3 DNA phase-separates associatively with cationic surfactants. 
A simplified two-dimensional representation of the preliminary results 
is given for the hexadecyltrimethylammonium bromide-DNA system 




Fig. 4 Fluorescence microscopy visualizes that the compaction of 
single DNA is induced by cationic surfactants. As shown for the case 
of dodecyltrimethylammonium bromide, DNA has an extended coil 
state at low surfactant concentrations a and a compact globule state 
at high concentrations c; at intermediate concentrations there is 
coexistence of coils and globules b 



Catanionic vesicles 

Mixed cationic-anionic surfactant systems, referred to 
as catanionic surfactants [19], offer excellent possibilities 
to control the charge density of self-assemblies [20]. A 
particularly interesting feature is the formation of 
thermodynamically stable vesicles [21]. In the phase 
diagram, the water-rich part of which is schematically 
indicated in Fig. 5, there are two regions of vesicle 
formation. In one the vesicles have a net negative charge, 
in the other a net positive charge. One of our main 
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Fig. 5 Schematic representation of the approach used for the study of 
the phase behavior of polymer-cationic vesicle mixtures; the surfact- 
ants studied are didodecyldimethylammonium bromide (DDAB) and 
sodium dodecylsulfate (SDS). From Ref [19] 



current interests concerns the interaction of catanionic 
vesicles with polymers [22]. 



Vesicle-polymer interactions 




Fig. 6 Comparison of phase maps of mixed polyelectrolyte-surfact- 
ant systems show that anionic micellar (SDS) and vesicular (SDS- 
DDAB) systems behave similarly; the phase limits are given as a 
function of polymer and surfactant charge for two cationic cellulose 
derivatives, JR 400 and LM 200. Lines at lower surfactant charge: 
coacervation/precipitation boundaries; tines at higher surfactant 
charge: redissolution boundaries. For any given system, the region 
between the two boundaries is a two-phase region. From Ref [19], 
data for micellar systems from Refs. [23-24] 



The interaction of vesicles with a net negative charge 
and two cationic cellulose derivatives have been studied; 
one of these (LM 200, here denoted HMP^) was of the 
hydrophobically modified type, while the other (JR 400, 
or P^) was not. 

While the phase diagram (Fig. 6) is not yet well 
investigated in detail, some general features can be 
singled out; 

1. With excess polymer or excess surfactant, a homoge- 
nous isotropic solution forms. 

2. In a broad intermediate range, associative phase 
separation results. 

3. There is a close analogy with respect to phase 
separation with previous studies of polymer-micelle 
systems. 

Rheological investigations with P^ show a viscoelastic 
behavior (Fig. 7). For HMP^ the formation of gels is 
very pronounced. 

Cryogenic transmission electron microscopic investi- 
gations (Fig. 8) display many notable features, such as 
the direct visualization of the polymer-induced vesicle 
association and the formation of faceted vesicles. 
Similarly DNA was observed to induce an association 
of vesicles with a net positive charge. 



Forthcoming work 

Polymer-surfactant association in aqueous systems is 
a result of hydrophobic and electrostatic interactions. 
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Fig. 7 Mixtures of the cationic polymer JR 400, and catanionic SDS- 
DDAB vesicles have a much higher elastic {G') than loss modulus (G") 
over a wide range of frequencies; data are given for a total surfactant 
concentration of 5 mM and three different polymer concentrations 
(0.50, 0.75, and 1.00 wt%) at 25 °C. From Ref [19] 
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Surfactant self-assembly is a general feature of these 
systems. If the polymer itself is hydrophobically associ- 
ating, particularly strong polymer-surfactant associa- 
tion takes place resulting inter alia in viscosifying and 
gelation. 

In this account, we have presented some recent 
illustrations taken from an ongoing collaboration be- 
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Fig. 8 Cryogenic transmission 
electron microscopy micro- 
graphs of aqueous mixtures of a 
cationic polymer, LM 200, and 
catanionic vesicles with a net 
negative charge show a number 
of interesting features, such as 
polymer-induced vesicle clus- 
tering and faceted vesicles. 

Scale bar 100 nm. From 
Ref [25] 




tween our groups in Coimbra and Lund. The work on 
catanionic surfactant systems is from the PhD thesis 
work of Eduardo Marques and an extensive account can 
be found in his thesis [25]. The work just started on the 
phase behavior of DNA-surfactant and on DNA- 
catanionic vesicle interactions is the diploma work of 
Rita Dias. A full account of this work, with detailed 
experimental findings and experimental techniques, will 
be presented later. 
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Abstract In binary colloidal mix- 
tures, depletion forces of purely 
entropic origin play an important 
role besides interaction like Cou- 
lomb or van der Waals interactions. 
We have measured the potential 
energy between a single, negatively 
charged polystyrene sphere 
(R = 1.5 fim) close to an equally 
charged wall in the presence of 
uncharged polymer coils 
(r = 150 nm) by means of total 
internal reflection microscopy. Our 
results show a strong dependence on 
the polymer concentration n and can 



be explained by the occurrence of 
depletion forces. Comparison of our 
data with a theory which is only 
correct in first-order n shows good 
agreement. We also present first 
observations in a system with an 
increased particle/polymer size ratio 
(R = 5 /rm, r = 0.15 /rm) where 
higher-order terms in the depletion 
potential become important. 

Key words Depletion forces - Bin- 
ary mixtures - Polymers - Evanes- 
cent waves - Total internal reflection 
microscopy 



Introduction 

When colloidal particles are suspended in a fluid also 
containing smaller particles, e.g. other colloids, micelles, 
or polymer coils, their mutual interaction may be 
considerably altered owing to the occurrence of deple- 
tion forces. The principle of these purely entropic forces 
is easily understood when, for example, a hard sphere of 
radius R suspended in a fluid containing smaller spheres 
of radius r (the latter are referred to as macromolecules 
in the following) in front of a wall at distance z is 
considered (see Fig. 1). For z smaller than the diameter 
of the macromolecules they are expelled from the region 
between the sphere and the wall, which depletes the 
concentration of macromolecules in this region com- 
pared to that of the bulk and gives rise to an effective 
osmotic pressure, causing a net attraction between the 
sphere and the wall. This effect remains when the wall is 
replaced by another hard sphere. The first quantitative 
theoretical explanation was given by Asakura and 
Oosawa [1]. The depletion force is predicted to be 
always attractive, non-zero only for distances z < 2r, 



and proportional to the overlapping excess volume AF 
(see Fig. 1). The depletion potential between a sphere of 
radius R at distance z above a flat surface in the presence 
of macromolecules of radius r and particle density n is 
predicted to be 



knT 



n ' 71 ' 



ARr^ ^ 3 3^^ + (R — r)z^ — 4Rrz 



X 0(2r z) — fl*depl 



( 1 ) 



where 0 is the Heaviside step function. According to 
this theory, which dates back to 1954 and treats the 
macromolecules as particles with no mutual interaction, 
depletion forces should be always attractive. This, 
however, is only valid for very small n. Considerable 
deviations are predicted if higher-order terms in the 
density (or equivalently more realistic density profiles) of 
the macromolecules at contact with the sphere and the 
wall are considered [2, 3]. As a result, in addition to the 
repulsive parts, attractive parts in the depletion forces 
are also predicted which are most pronounced for high n 
and large R/r ratios, respectively. 
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Fig. 1 Illustration of the depletion interaction in a binary sphere 
mixture. The dashed region corresponds to the area not accessible to 
the centers of smaller spheres 

While there are a lot of experimental results which 
demonstrate the existence of depletion effects, e.g. by 
measuring phase diagrams, flocculation rates, or phase 
separation phenomena [4], only a few direct measure- 
ments of depletion forces have been reported. This may 
be largely due to the necessity to measure very small 
forces which are typically on the order of nano- or even 
pico-Newtons. Accordingly, it was the invention of the 
surface force apparatus and the atomic force microscope 
which made direct measurements of depletion forces 
possible within recent years [5, 6]. It is not clear, 
however, to what amount those measurements are 
intrusive to the investigated systems. 

The first non-intrusive distance-dependent depletion 
force measurements between a free suspended colloidal 
particle and a flat surface were performed by total 
internal reflection microscopy (TIRM). With this tech- 
nique, which will be discussed in more detail below, 
measurements on both, systems of highly charged [7-9] 
and (very recently) uncharged macromolecules [10] were 
successful. 

In this work we present a systematic study of 
distance-dependent depletion potentials between a single 
sphere and a flat surface in the presence of uncharged 
macromolecules. While for the size ratio Rjr = 10 used 
in these experiments the depletion force is found to be 
always attractive, we further present a first result for a 
system with Rjr = 33 which also demonstrates repulsive 
interactions. 



Experimental 

We used TIRM [II, 12] to measure the potential of a colloidal 
sphere immersed in a fluid of coiled, non-ionic polymer chains close 
to a glass surface. The method of TIRM and our setup is described 
only in brief; for details we refer to the literature [11, 13, 14]. 

When light is reflected at a solid/fluid interface at an angle 
6 > 6c (where Oq is the critical angle of total internal reflection) 
(Fig. 2), an evanescent wave is formed whose intensity decays 
exponentially perpendicular to the interface with a decay length 



which depends on the incident angle 6, the wavelength of the light 
beam, and the refractive indices at the interface. When an object 
which scatters light, e.g. a colloidal sphere, approaches the surface 
close enough to enter the evanescent field, frustrated total reflection 
will occur. The scattering intensity / of the colloidal sphere is then 
proportional to that of the evanescent wave and can be written as 
/ = [15]. Measuring I (which fluctuates owing to Brownian 

motion of the sphere) as a function of time thus provides a sensitive 
and non-intrusive method to determine z. In thermal equilibrium 
the sphere-wall-interaction potential <J)(z) can be calculated as a 
function of z from the probability distribution p{z) by using the 
Boltzmann distribution. To obtain the potential energy as a 
function of absolute distance it is necessary to determine Iq. This 
is done by measuring the intensity of a particle at contact with 
the glass surface. This can be achieved by increasing the salt 
concentration above 2 mM, which leads to an irreversible sticking 
of the sphere to the surface owing to van der Waals forces. 

Figure 2 shows a schematic representation of our TIRM setup. 
A cell was composed of two fused silica glass plates separated by a 
spacer {d = \ mm, not shown). After assembling the cell, a BK7 
prism was optically matched to one of the glass plates. Then the cell 
was connected to a closed circuit which contained the colloidal 
suspension. We used monodisperse polystyrene (PS) spheres with 
radius R = 1.5 pm (PS 1.5) and 5 pm (PS5), respectively, which are 
suspended in water. The particles are charge stabilized with sulfate 
surface groups. Only highly diluted suspensions with a particle 
density less than 0.5 mm“^ were used to guarantee that only a 
single particle was in the field of view and contributed to the 
scattering signal. The suspension was pumped through the circuit, 
which contained an ion exchange resin and an electrical conduc- 
tivity probe to control the ionic strength of the suspension. After 
adjusting the desired ionic strength, a given amount of poly(eth- 
ylene oxide) (PEO) with a molecular weight = 2x10*’ was 
added. The maximum polymer concentration used in our experi- 
ments was 25.5 pm~^, which is smaller by a factor of 2.4 than a 
critical concentration n*. Only below n* (corresponding to the 
diluted case) can the polymer molecules be regarded as hard 
spheres [16]. 

The evanescent wave was obtained by reflecting a HeNe laser 
{a = 632.8 nm, 10 mW) from the glass/fluid interface at an angle 9 
which corresponded to a penetration depth of = 0.845 pm. It 
should be mentioned that special care has to be taken in the 
determination of the penetration depth, which is calculated from 
the incident angle and the refractive indices of the prism, 
respectively. Deviations of less than 1% in the refractive indices 
or in the incident angle can give rise to changes of more than 100% 
in the penetration depth and explains previous differences between 
experimentally and theoretically determined Debye lengths [17]. 
This experimental uncertainty, however, is eliminated in our 
present TIRM setup by an improved resolution of the angle of 
incidence. 




Fig. 2 Schematic total internal reflection microscopy setup used in 
our experiment 
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No detectable change in the penetration depth and the electrical 
conductivity was observed after PEO was added to the suspension. 
The scattered intensity was collected by a microscope objective lens 
(Plan L50x, Leitz) and focused onto a photomultiplier tube. To 
obtain sufficient data and to minimize statistical errors, the 
scattering intensity of a particle was sampled over at least 1000 s 
at a sampling rate of 50 Hz. 



Results and discussion 

Without depletion forces the potential of a negatively 
charged PS sphere above a glass plate is composed of 
two parts; at larger distances z the potential increases 
linearly because for these z gravity is the dominant force. 
Towards smaller z the potential increases exponentially 
owing to the electrostatic interaction between the 
negatively charged PS sphere and the fused silica 
surface, which is also negatively charged when in contact 
with water [18]. In this case the potential acting on the 
sphere can be written as 

^ = 5-e— TG-z^cho (2) 

where 5 is a constant including the surface charge of the 
particle and the wall, respectively, G = (pp - Pv,)Vg is 
the weight of the particle with pp and being the 
density of the particle and water, V the volume of the 
sphere, and g the acceleration due to gravity [11, 13]. 
This potential is shown in the inset of Fig. 3 (symbols). 
The solid line is the fit curve according to Eq. (2) with 
the two ht parameters found to be B = 16.5 and 
K~' = 33 nm, the latter being in agreement with the 



value expected from the electrical conductivity measure- 
ment. The particle weight G was calculated by inserting 
the radius of the PS sphere obtained by electron 
microscopy {R = 1.5 pvci), the density of the PD sphere 
and water, respectively. This good agreement between 
theory and experimental data is found by all groups 
using TIRM [10, 12, 13, 19]. 

If polymer is added to the system the potential is 
modified. Figure 3 shows the potentials for « = 0 
(squares), n = 10.2 pm~^ (circles), n = 12.7 pm~^ (tri- 
angles), and n = 25.5 pm~^ (diamonds). With increas- 
ing polymer concentration an additional attractive part 
in the interaction potential develops which finally forms 
a pronounced potential well close to the surface. Since 
the depth of this potential well for the measurements 
at polymer density n = 12.7 pra~^ (triangles) and 
n = 25.5 pva~^ (diamonds) is about 3-5 times k^T, the 
particle does not leave the well during our measuring 
time and therefore no data outside the well were 
collected. To demonstrate that these potentials can be 
explained with depletion forces, we compare them with 
the theory of Asakura and Oosawa. Accordingly, we 
assume the total interaction to be 

®total(z) = Oo(z) T ®dept(z). (3) 

Since no change in the electrical conductivity and the 
effective particle weight G was observed by adding PEO 
to the system, Oq(z) is assumed to be independent of 
the polymer concentration n, which was determined by 
weighing the amount of polymer added to the system 
before each measurement. Thus the only free parameter 
in Eq. (3) is the polymer radius r. Best agreement for all 



Fig. 3 Potential curves (sym- 
bols) of a PS sphere with 

= 1.5 fim as a function of its 
distance z from a flat surface for 
polymer concentration n = 0 
(squares), 10.2 (circles), 
12.7 (triangles), and 
25.5 fim^^ (diamonds). The solid 
lines are calculations according 
to Eq. (3) 




z[[jm] 
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data sets between theory and experiment was achieved 
for r = 150 nm, as demonstrated by the solid lines in 
Fig. 3. As can be seen, our data are in good agreement 
with what is predicted by Eq. (3). 

The characteristic length scale of the PEO polymer 
is its radius of gyration, which is determined for the 
molecular weight used in this experiments to be 
tg = 101 nm [16]. The value of re is of the same order 
of magnitude yet distinctly smaller than the radius r. 
Flowever, it is not clear whether r used in Eq. (1) has 
to be identical to re because Eq. (1) is based on the 
assumption of rigid spheres. If the interaction of the 
polymer is not perfectly hard-sphere-like, r is expected to 
be larger than tq. This idea is also supported by the 
results of Ohshima et al. [20], who used the same 
polymer in their experiments. Their experimental values 
for the maximum depletion force are larger than 
expected if one assumes r = re. If we replot their 
results with r = 1 50 nm, however, almost perfect agree- 
ment between theory and their data is obtained. 

As has been mentioned already, depletion forces do 
not always have to be attractive but may also contain 
repulsive parts. Erom a virial expansion analysis, Mao 
et al. [3] obtained an expression for a repulsive barrier in 
the depletion potential. Eor the R/r ratio used so far, 
however, this barrier is below the resolution limit of 
TIRM an justifies a posteriori the validity of the 
Asakura-Oosawa approximation in our experiments. 
In contrast, if the size ratio of the particles is sufficiently 
large, this barrier increases above our detection thresh- 
old and should become visible. 



Therefore we repeated the experiments described 
above, but with PS spheres of R = 5 /im in radius. 
Owing to the increased weight of those particles (which 
is about 37 times larger than before), it was necessary to 
increase their buoyancy to allow the PS spheres to have 
large enough thermally driven vertical excursions from 
the surface. By suspending the particles in a mixture of 
deuterated water and normal water, a reduction of the 
weight by a factor of 8.5 was achieved. Fignre 4 shows a 
first result for this system. Only relative distances were 
plotted because the scattering intensity Iq at particle- 
wall contact was not known in this case. The solid 
symbols correspond to the potential without added 
polymers, i.e. without depletion forces. The solid line 
is the expected potential according to Eq. (2) with k 
obtained from the electrical conductivity measurement 
and G calculated from particle size, density of the 
solvent and the sphere. 

After adding some amount of PEO polymer the 
potential is considerably changed, as indicated by the 
open symbols. Similar to the case with the smaller PS 
spheres, the potential minimum in the presence of PEO 
is shifted to smaller z values owing to attractive 
depletion forces. Unlike in Eig. 3, however, where all 
the curves for increasing z approximate the same linear 
part of the potential from below, this is not true in 
Eig. 4. The slope of the potential at larger separation 
distances is increased compared to that with no PEO 
until it approaches the linear part from above. This 
feature, which has never been observed by us in the case 
of smaller PS spheres, gives rise to a small repulsive 



Fig. 4 Potential curves for a PS 
sphere with R = 5 fim in a 
mixture of H 2 O and D 2 O. The 
solid circles (measured data) 
and the solid line (calculation 
according to Eq. 2) correspond 
to a system with no added 
polymer. The open eiretes cor- 
respond to the system were 
polymer coils were added. Note 
that only relative distances are 
plotted in this case 
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barrier of about 1 k^T and is a first indication of the 
influence of higher-order terms. 

Systematic investigations are in progress to clearly 
demonstrate the occurrence of repulsive depletion effects 
in purely entropic driven systems and to compare those 
results with existing theories. 



Conclusion 

We have measured the potential energy of a 1.5 /rm PS 
sphere close to a surface in the presence of smaller 
macromolecules. We presented systematic measure- 
ments as a function of polymer density and found a 



strong dependence of the potentials from that para- 
meter. We found that our results can be explained 
completely in terms of the theory of Asakura and 
Oosawa, which predicts a purely attractive depletion 
interaction. The polymer radius determined for the 
description of depletion interactions is larger than the 
radius of gyration and agrees with the results of other 
authors. Finally, we presented a first result with 5 /rm PS 
spheres which indicates the presence of repulsive deple- 
tion forces. 
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Abstract The equilibrium in the ses- 
sile drop-wetting film system has 
been studied by means of a Monte 
Carlo experiment in terms of a two- 
dimensional SOS model with Kawa- 
saki dynamics. For drops with the 
same macroscopic contact angle, the 
influence of long-range surface forces 



on the shape of the transition zone 
has been investigated. The conditions 
for stability or instability of the 
transition zone profile are discussed. 

Key words Equilibrium wetting - 
Surface forces - Contact angles - 
Numerical simulation 



Introduction 

Since the pioneering work of Derjaguin and Frumkin 
[1-3], the idea of using long-range surface forces to 
characterise the surface properties of contacting media 
has been repeatedly and fruitfully employed in the 
scientific literature [4-8]. Knowledge of the disjoining 
pressure isotherm allows one to compute the difference 
between the solid-vapour and solid-liquid interface 
tensions, and then to estimate the magnitude of the 
equilibrium contact angle using the Young equation. 
Further analysis made by Churaev [4, 5] and Churaev 
and Sobolev [7, 8] allowed assessment of the roles of the 
different components of disjoining pressure in forming 
any particular value of the contact angle. However, 
the solution of an inverse problem, i.e. evaluating the 
mechanism of long-range surface forces, acting within a 
three-phase contact region, on the basis of measured 
contact angles, still remains an open question. 

Thus, the relationship between the equilibrium con- 
tact angle 9q and the isotherm of disjoining pressure 

m) [3]: 

cos0o = l+— / n(/!)d/j w 1 + (1) 

(^LvJho 

requires knowledge of the liquid-vapour interfacial 
tension, ulv, and the integral information about the 
long-range surface forces, namely G{ho) - the excess free 
energy of wetting film which is in equilibrium with a bulk 



liquid (where Hq is film thickness). So the same value of 
the equilibrium contact angle may conform to radically 
different types of disjoining pressure isotherms for 
wetting films, and hence to a variety of transition zone 
shapes in the three-phase contact region. 

The object of the present communication is the 
numerical study of the effect of surface forces on the 
equilibrium state of a drop on a substrate (covered by 
wetting film), and on the shape of the transition zone 
between them, for the same values of the macroscopic 
contact angle. Another question to be discussed here 
is how the regions of the disjoining pressure isotherms 
that correspond to unstable film thicknesses affect the 
formation of the transition zone profile. 



Description of the numericai procedure 

In order to examine the peculiarities of the equilibrium 
in the drop-substrate system, we have used an approach 
that combines the microscopic Monte Carlo technique 
for recovering the equilibrium configurations of the 
particles in the system with a macroscopic approach for 
taking into account the influence of long-range surface 
forces on wetting and spreading processes. The simula- 
tions were performed within the framework of Kawasaki 
dynamics for a two-dimensional SOS model [9]. This is 
a lattice model and our simulations were performed in 
the frame of a canonical ensemble, i.e. the total number 
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of particles in the system, N — Y^^i=\h{i), remains 
constant (where h{i) is the height of the liquid column 
over the /th site of the substrate, and L is the number of 
sites). To eliminate the influence of system boundaries, 
periodic boundary conditions were used. Any instanta- 
neous configuration of the system is characterised by a 
set of liquid column heights over each site on the 
substrate and by the corresponding value of the 
Hamiltonian; 

H{{ht }) = /sv m + E (1 - 

i=i /=i 

L 

X (>^SL + Jim + +Tlv'E l^'+i “ ^'1 (^) 

i=i 

where the first term describes the energetic cost of a dry 
substrate surface, the second term corresponds to the 
energetic cost associated with the tension of a film of 
thickness A,, covering the substrate, and the third term 
represents the energy cost of the vertical parts of the 
interface between liquid and gas. /lv, -^sl and /sv are, 
respectively, the energy costs of the liquid-vapour, 
solid-liquid and solid-vapour interfaces, 8 is the Dirac 
delta measure, v(/i,) are the energetic parts of the 
integrals Yl{h)dh for h I > 0; for hj < 0 we used 
V = +00 to exclude the intersection of the vapour- 
liquid and liquid-solid interfaces. More detailed de- 
scriptions of the model employed and the simulation 
procedure can be found elsewhere [10]. 

The equilibrium profile of a free liquid drop can be 
obtained by minimising its free energy at constant volume. 
Since the thermodynamic equilibrium for a single-com- 
ponent non-volatile liquid is equivalent to the mechanical 
equilibrium, another condition for retrieving the shape of 
the equilibrium drop is constant capillary pressure along 
the drop profile. Due fo fhe laffice characfer of the SOS 
model, the capillary pressure, P^, in the drop must be 
determined the same way as for crystals, namely [11]; 




where c, is the surface tension of /th facet of the crystal and 
r,- is the distance between that facet and the centre of the 
crystal. The lattice character of the model also means that 
ffLV is dependent on the slope angle of the liquid-vapour 
interface. Since this dependence shows a continuous 
behaviour (J. de Coninck, personal communication), the 
equilibrium profile of a free model liquid drop, in the 
thermodynamic limit, is presented by a smooth curve 
(usually referred to as a Wulffs form) [12, 13] instead of 
the set of facets characteristic for a crystal. 

In the absence of long-range surface forces, the 
profile of a sessile drop is completely defined by capillary 
forces and differs from fhe shape for a free drop only by 
removing the part of Wullf s form that is located below 



the plane with ordinate y — usv — ctsl (Winterbottom 
construction [14]). The inclusion of the liquid-solid 
interaction, i.e. of the long-range surface forces, will 
immediately cause a deviation of the drop shape from 
the Winterbottom construction, since the total pressure, 
P, in the drop is now determined by the sum of the 
capillary and the disjoining pressures; 

P = Pc + H{h) (4) 

Thus, a comparison of the drop profiles, defined in one 
case by the combined action of the surface and capillary 
forces (numerical experiment), and in the other case by 
the capillary forces alone (the appropriate Winterbot- 
tom construction), enables us to investigate the influence 
of both the magnitude and the character of long-range 
surface forces on the shape of the transition zone 
between liquid drop and wetting film. 

Within the framework of Kawasaki dynamics in our 
model system, the liquid-solid equilibrium is defined 
entirely by the enthalpic part of the interaction energy of 
liquid film interfaces, the total number of molecules 
involved in simulation, and the number of sites available 
on the substrate. In the case of partial wetting, an 
equilibrium between the sessile drop and the wetting film 
will be esfablished. In this case the disjoining pressure 
in the film, which, for sufficiently large drops amounts 
to the capillary pressure in the area of the drop not 
perturbed by surface forces, will depend on the rela- 
tionship between the number of liquid particles and the 
number of substrate sites. Therefore, by changing the 
number of liquid molecules in the system with fixed 
surface forces behaviour and at constant size of the 
substrate, one can simulate the drop-film equilibrium 
af various disjoining pressures. 



Results and discussion 

The chosen isotherms of excess free enthalpy, v{h), 
characterising the long-range surface forces acting in the 
system, are presented in Fig. 1. The following features 




Fig. 1 The isotherms of excess free enthalpy used in our simulations 
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are characteristic for our choice; (1) according to 
Derjaguin’s expression (1) mentioned above, both 
isotherms should provide nearly equal contact angles 
for the same equilibrium capillary pressures in the range 
under investigation; (2) both isotherms contain intervals 
corresponding to stable and unstable thicknesses of 
liquid films; (3) isotherm 2 has a longer range of action; 
(4) in addition, isotherm 2 has two ranges of stable film 
thickness divided by an interval of instability. 

This choice allowed us to study different ways in 
which the long-range surface forces influence the 
equilibrium between a liquid drop and a wetting film, 
and the shape of the transition zone between them. 

Since our simulations were performed in the frame of 
a canonical ensemble, the disjoining pressure established 
in the system was controlled by changing the number of 
liquid molecules involved in the simulation. The equi- 
librium states for several drops, for the first isotherm, 
are presented in Fig. 2. In each case, the drop is in 




Fig. 2 The equilibrium drop shapes in the case of isotherm 1 for 
different numbers of molecules: 1 N = 4500, 2 N = 2500, 
3 N = 1480, 4 = 1080 and the appropriate Winterbottom 

constructions (dashed tines) 



equilibrium with an approximately monolayer thick 
wetting film. Each experimental drop is shown with an 
appropriate Winterbottom construction. We can see 
clearly that the smaller the drop height, the larger the 
deviation of its shape from the Winterbottom surface 
under the influence of long-range surface forces. 

Using methods developed earlier [10], we computed 
for these systems values of equilibrium capillary pres- 
sure, wetting tension, and macroscopic contact angles, 
as presented in Table 1. The behaviour of these charac- 
teristics, such as the increase in contact angle with 
increasing absolnte value of the disjoining pressure in a 
system with an S-type isotherm of disjoining pressure, 
is consistent with theoretical predictions based on 
Derjaguin’s thermodynamic analysis. 

The comparison of the equilibrium drop shapes, 
obtained using the same number of molecules for two 
isotherms (Fig. 3), shows that the increased radius of 
action of the long-range surface forces in isotherm 2 
leads to a greater perturbation of the drop, resulting in 
a larger deviation from the Winterbottom shape. With 
practically the same macroscopic contact angle, a 
substantially larger portion of the drop volume lies in 
a transition zone. It is interesting to note that for 
isotherm 2 we obtained a liquid drop in equilibrium with 



Table 1 Capillary pressures, wetting tensions and contact angles 
established in the system for different numbers of molecules and for 
different isotherms of excess free enthalpy 



N 


Isotherm 1 




Isotherm 2 






Pc/kT’ 


Usv “ 


o-sD/kP 


PJkT 


Usv “ 


<^SL)lkT 




[l!h] 


[i!h] 
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Oo 


4500 


-0.048 


1.052 


80.54 


-0.050 


1.051 


80.56 


2500 


-0.076 


1.024 


80.84 


-0.081 


1.020 


80.89 


1480 


-0.135 


0.959 


81.44 


- 


- 


- 



Fig. 3 The comparison of equi- 
librium drop shapes for two 
isotherms. The numbers of mol- 
ecules for each drop are the same 
as in Fig. 2, and the indices 1 and 
2 denote the corresponding iso- 
therm 
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Fig. 4 The fluctuations in average drop height versus the number 
of instantaneous configurations of the system taken into account 



two wetting films of different thicknesses (curve 32 in 
Fig. 3). 

Except for the last case, all the other drops have a 
smooth enough shape and do not exhibit explicit 
influence by intervals of instability on the corresponding 
isotherms. It is known that the Winterbottom shape is 
determined by pure capillary forces; the shapes of our 
drops were determined by competition between capillary 
and long-range forces. The latter forces are rather strong 
in the case of the second isotherm. The fact that intervals 
of instability in that isotherm do not cause a step-like 
profile in the equilibrium shape of the transition zone 
can be explained as blurring of such steps by fluctuations 
in instantaneous drop contours. 

These fluctuations, for example, are revealed in the 
time dependence of the average drop height, as present- 
ed in Fig. 4. Snch fluctuations of configuration in our 
model system correspond to the thermodynamic 
fluctuations in the size and shape of real drops. To 
check whether a step-like profile, caused by regions of 
instability in the disjoining pressure isotherms, is really 
seen for instantaneons configurations, we performed 
the averaging with respect to the drop edge of each 
configuration, that is, we computed an average step 




i 



Fig. 5 The average height of step at the edge of momentary drops. 
The notations are the same as in Fig. 3 

height at the edge of a momentary drop. The result of 
such an averaging is presented in Fig. 5. We can see 
that the step is evident and that its height is determined 
by the competition between capillary and long-range 
surface forces; the lower the magnitude of the local 
capillary contribution, the higher the step is. 

Very recently one of the first direct experimental 
investigations of the shape of microdroplets on the 
substrate and the profile of the transition from droplet 
to wetting film, by means of scanning polarisation force 
microscopy was published [15]. The system studied - 
sulphuric acid on mica containing a strong electrolyte - 
is characterised by significant long-range surface forces. 
Despite the substantial value of the contact angle 
observed, it appears that the shapes of the droplets are 
quite smooth and very similar to those obtained in our 
simulations. This means that in real systems thermal 
fluctuations lead to the same effect of blurring at the 
drop edge as fluctuations of instantaneous configuration 
do in our simulations. 
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Abstract A set of colloidal particles 
(be they sterically or charge-stabi- 
lized) can never be made truly iden- 
tical. They are polydisperse in their 
sizes (or charges), and their interac- 
tions are a function of that property. 
A truly polydisperse system, in the 
thermodynamic limit, contains 
infinitely many species. Therefore, 
calculations of phase equilibria in- 
volve infinitely many coexistence 
constraints (a difficulty not encoun- 
tered when determining single-phase 
properties such as structure factors). 
This hampers the mathematics, and 
typically engenders arbitrary, un- 
controlled approximations and 
cumbersome, system-specific results. 
We construct a formalism which is 
equally applicable to monodisperse 



and polydisperse systems, and use 
it to define a controlled expansion 
for slightly polydisperse colloids 
(i.e. those with a narrow size/charge 
distribution). Thus we provide a 
complete description of their phase 
equilibria. The resulting universal 
law of fractionation is surprisingly 
concise. For quantitative compari- 
son with a real system, we have 
performed measurements on a col- 
loid-polymer mixture, using both 
light scattering and extensive count- 
ing of transmission electron micro- 
graphs to obtain particle size 
distributions in coexisting phases. 

Key words Fractionation - 
Polydispersity - General 
equilibrium statistical mechanics 



The equilibrium properties of simple atomic and molec- 
ular substances were well understood by Boltzmann, 
Maxwell and Gibbs. They formulated the statistical 
mechanics of identical particles whereby a free energy 
may be calculated from a partition sum. That free 
energy is a function of a handful of macroscopic 
variables, such as temperature and volume, and from 
it, phase diagrams can be constructed which depict the 
equilibrium phase behaviour. In these diagrams, the 
phase boundaries are located by the conditions under 
which two phases coexist. The coexistence conditions are 
found by constructing a tangent common to two points 
on a graph of free energy density versus particle number 
density (since co-tangential densities minimize the total 
free energy subject to matter conservation). 



Colloidal dispersions are often presented as perfect 
spheres with identical interactions. Thus their phase 
behaviour has been analysed in terms of the classical 
statistical mechanics of pure substances, as outlined 
above. In practice, however, they are never monodis- 
perse, but have a distribution of properties. Conceptual 
and mathematical problems arise when the system’s 
Hamiltonian is a function of some property that varies 
from particle to particle. The relevant polydisperse 
property is particle size in the case of neutral, sterically 
stabilized colloids, or charge in the charge-stabilized 
case. For the sake of clarity, in this paper we shall couch 
the discussion in terms of size-polydispersity. 

The difficulties associated with polydisperse phase 
equilibria are as follows. A truly polydisperse system 
contains infinitely many species, and the concentration 
of each is a thermodynamic variable upon which the free 
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energy depends. Therefore, calculations of phase equi- 
libria involve infinitely many coexistence constraints 
(a difficulty not encountered when determining single- 
phase properties such as structure factors). This hampers 
the mathematics. A full solution of the problem entails 
calculating, not only the overall density of the coexisting 
phases, but also the full distribution of sizes in each. 
Generally, fractionation occurs, so the compositions of 
the separated phases differ from the initial “parent” 
sample. Calculations of polydisperse phase equilibria 
have been attempted ([1, 2] and references therein). 
Often, arbitrary approximations are used, such as 
discretizing the distribution [3, 4]. Unfortunately, due 
to the mathematical complexity, the results are almost 
invariably cumbersome and system-specific and there- 
fore do not educate the intuition. 

In synthesizing colloids, efforts are often made to 
ensure that their size distribution is as narrow as 
possible. In the thermodynamic limit, the number of 
particle species is still infinite, but we shall use the phrase 
“slightly polydisperse” to distinguish such colloids from 
those with a broader distribution. When the distribution 
is (in some sense to be clarified) narrow, the problems 
simplify somewhat. We shall show how to exploit this 
simplification in applying perturbation theory to slightly 
polydisperse colloids. Our motivation for using pertur- 
bation theory is that the physics of a slightly polydis- 
perse system might reasonably be expected to resemble 
closely the physics of a truly pure substance. With this in 
mind, we shall use a monodisperse (pure) system as a 
reference about which to perturb, yielding a slightly 
polydisperse system. The procedure for doing this is not 
at first obvious, since a monodisperse system is, in some 
respects, a singular limit of the polydisperse case. In 
particular, it has no entropy of mixing, and is charac- 
terized by a delta-function distribution. We must begin, 
then, by establishing a formalism which can encompass 
both the monodisperse and polydisperse cases. Follow- 
ing that, we shall formulate perturbation theory for 
polydisperse fluids. Finally, we derive some very general 
properties of fractionating systems, and compare them 
with our observations of colloid-polymer mixtures. 

We begin by defining a dimensionless number £, 
which characterizes each particle i = I..N. We choose 
this to be = (Rf - {R)p)/{R)p, where Rj is the particle’s 
radius, and {R)p is the mean radius in the parent sample 
of colloid. (We could equally well have chosen e, to be 
a fractional deviation of charge, in the case of charge- 
stabilized colloids.) Later, we will use the fact that £i is a 
small number if the size distribution is narrow. Let /(s) 
represent the distribution of sizes. This is un-normalized, 
so there are /(£) ds particles with sizes in the range £ to 
£ + da. The free energy of a phase is a functional of this 
distribution. Following others [2, 5, 6], we divide the 
total free energy, into two parts: the 

free energy of a polydisperse ideal gas of the given 



species distribution, and the excess due to interactions. 
The ideal part, per unit volume, is: 





h„A£)_|l 


/ y 


V 



which is just the sum of ideal-gas free energies of the 
individual species. This contains the combinatorial 
entropy of mixing. 

If a “parent” colloidal sample of composition fp{a) 
separates into two coexisting “daughter” phases A and 
B with compositions fxi^) and fp{e), then those phases 
must respect the following constraints. Firstly, by 
conservation of matter, TaCs) + /b(£) = /p(e)- Secondly, 
for mechanical equilibrium, the pressures Pa and Pp in 
the two phases must be equal, that is, AP = 0. (We use 
the convention AP = Pp - Pa). This constrains the 
phase volumes Fa and Vp. Finally, an infinity of 
constraints arises from the fact that the chemical 
potential of each species, /r(£), must be equal in the 
two phases, that is, A^(£) = 0. These three constraints 
(or two plus infinity) are sufficient to fix the volumes 
and compositions of the phases. Combining them with 
Eq. (1) yields: 



/a(e) = 


/p(e) 


1 + ||exp — Ap“(£) 


where 




p-(£) ^ 


[/(£)] 




and 





V£ (2) 

( 3 ) 




( 4 ) 



Equations (2) and (3) were derived previously [2]. Given 
the excess free energy P®’‘, which describes the systems 
interactions, these equations fully specify the phase 
equilibria, thus solving the problem. However, even 
assuming a knowledge of Fa and Vp, Eqs. (2) and (3) 
represent an uncountable infinity of non-linear simulta- 
neous equations. Needless to say, finding their solution 
is not a trivial task. 

Some simplification is achieved by making a change 
of thermodynamic variables (as in [5-7]). Instead of 
describing a phase in terms of the density /(£)/F of 
each individual species, we specify the moments of this 
distribution: 



/■“ fia) 

Pa= a = 0, 1,... (5) 

J — OO ' 

As any distribution can, in principle, be fully recon- 
structed from its moments, this description contains the 
same amount of information. The variables Po, in 
Eq. (5), which we shall call “moment densities”, are 
linear combinations of species densities (with po being 
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the overall density p). Hence they respect the same linear 
thermodynamic equilibrium conditions as ordinary 
species densities. In particular, each “moment chemical 
potential” = d(FjV)ldpy^ is equal in coexisting phases. 
It can be shown, by expanding Eq. (3) as a chain of 
partial derivatives, that p(e) can be written as a power 
series: 

OO 

h(£) = 

a=0 



configurations of its particles (R.M.L. Evans, in prep- 
aration), we find: 

= -^mono - ln(exp -Hi (8) 

This resembles the usual perturbative expression for a 
free energy [8] but, importantly, applies only to the 
excess parts. The brackets (. . .)n,ono in Eq. (8) indicate 
a thermal average with respect to the monodisperse 
reference system. Expanding Eq. (8) to first order in e 
yields 



in terms of the moment chemical potentials. Substituting 
this into Eq. (2) yields: 



/a(£) 





1 + f exp - 0 A/rf 



where 



( 6 ) 



p 



ex 

a 



dF^^/V 

dPa 



( 7 ) 



By using the moment description, we have replaced 
Eqs. (2) and (3) by Eqs. (6) and (7) (with 5), which are 
a countable infinity of non-linear simultaneous equa- 
tions. 

Note that the distributions / appearing in Eqs. (6) 
and (5) can be arbitrarily sharply peaked. Their 
prefactors remain well behaved and all qnantities remain 
calculable. Also, recall that we have used the form of the 
ideal gas free energy (Eq. 1) in deriving these formulae, 
so combinatorial entropies are correctly treated, and 
they no longer need concern us. Thus, we have arrived at 
the required formalism which is applicable, with equal 
validity, to monodisperse or polydisperse systems. 

The formalism so far is quite general, and each part 
of it has been stated, at least implicitly, by other authors. 
We now make headway by considering only narrow 
parent distributions /p(£), a case which is often exper- 
imentally relevant. As a consequence, the values of e (the 
fractional size deviations of the colloids) are small. We 
can use this fact for two purposes. Eirstly, expanding the 
prefactor of /p(e) [but not in any way approximating 
/p(e) itself] in Eq. (6) to any given order in e causes the 
infinite sum to terminate. Thus, the equations are made 
tractable in a well-controlled manner. Secondly, the 
excess free energy in Eq. (7) is a function of the variables 
Pa- Considering a narrow distribution allows us to use 
perturbation theory to find the explicit form of this 
function. 

Let us write the polydisperse system’s Hamiltonian 
//({r,-,8,}) in terms of the Hamiltonian 77mono({j'i}) of 
a reference system in which e = 0 for all particles, and 
a perturbation Hi thus: 



77({r, ',£,}) =7/mono({r,}) +^i ({r, •,£,',}) 



Then, calculating the total free energy of the polydis- 
perse system from a partition sum over all distinct 





FZno/V + A{p,)pi 
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where 
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/ /dH\ \ 
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(10) 



The derivative in Eq. (10) is taken with respect to the 
size of particle number one. This is done without loss of 
generality since, in the monodisperse reference system, 
all particles are alike. 

Here, we have made one assumption: that the 
Hamiltonian is differentiable. If this is not the case (as 
in a hard sphere system), then we cannot easily find the 
constant coefficient A in Eq. (9). Nonetheless, F^^ must 
retain the form in Eq. (9), which is simply a first-order 
Taylor expansion in mean particle size. Note that this 
linearization of the excess free energy, in terms of 
particle size, is valid over some range of the particle size 
variable £. This fixes the range of validity of our theory, 
and thus defines what we mean by a “narrow” 
distribution. 

The excess moment chemical potentials in Eq. (6) are 
now calculable (as defined in Eq. 7) from Eq. (9). To 
this order in £, we see that po is just the monodisperse 
system’s chemical potential, plus a correction piA'{p) 
which is small (since pj = £p). The next moment 
chemical potential is pi = A(p). To lowest order the 
unperturbed value of the density can be used to evaluate 
A(p), although we will not need to do so explicitly. Eor 
all other a, p^ = 0. Using these values in Eq. (6) we 
find mean powers, £“, of the size variable in coexisting 
phases (i.e. moments of the normalized distribution 
f(e)IN). Since matter conservation requires moments in 
phases A and B to have the linear combination 
Aa£“a + = A^e“p, evaluating the difference, As"-, 

constitntes a full specification of the normalized size 
distributions. We find, to lowest order in the width of 
the parent: 

A^=-£^A4 (11) 

This remarkably simple relation states that the amount 
by which any given moment of the size deviations differs 
in the two coexisting phases is proportional to the next 
moment of the parent distribution. In particular, for 
a = 1, Eq. (11) shows that the mean size difference 
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between the separated phases As (which we sh^l call the 
“degree of fractionation”) is proportional to s^p, which 
is the variance of the parent sample (since sp = 0 by 
definition). That is, the degree of fractionation in the 
daughter phases goes like the square of the parent’s 
standard deviation. The second moment in either 
phase^ 6^, is related to that phase’s variance by 
— 6 . By application of Eq. (11) and conserva- 
tion of matter, we find the variance of each daughter 
deviates from that of the parent by _an amount 
proportional to the skew of the parent s^p. Hence a 
slightly polydisperse colloidal sample cannot be purified 
(made narrower) by phase separation unless it is has a 
skewed distribution of particle sizes. 

For two-phase coexistence of a slightly polydisperse 
colloid, Eq. (11) specifies a rigorous law for each value 
of a, two of which we have discussed. Notice that each of 
these laws contains the same constant of proportionality 
AA, so that dividing one by another yields a more 
surprising relation, 

A¥/a7p (12) 

The remarkable feature of this relation is a total absence 
of system-dependent parameters. Hence it is a universal 
law, applying to any system which is slightly polydis- 
perse is one property relevant to the Hamiltonian, be it 
the size of the particles or the charge on them, etc. In 
contrast, the next-order corrections to Eq. (12) will be 
system-dependent. 

Equation (12) is a surprisingly simple relation, arising 
from the structure of the formalism we have set up. The 
combinatorial entropy of coexisting phases is intrinsic 
to that formalism and, whatever the interactions which 
distinguish one particle from another, that entropy 
compels narrow distributions to respect Eq. (12) to 
lowest order. Such an assertion requires experimental 
validation, which we have obtained by observing two- 
phase coexistence in sterically stabilized suspensions of 
polymethylmethacrylate (PMMA) colloidal latices dis- 
persed in cA-decahydronaphthalene. The well-known 
fluid-crystal coexistence which occurs in such near-hard- 
sphere systems is inappropriate for testing Eq. (12) 
because ergodicity is one of the few assumptions made 
in arriving at the relation. That is, each of the phases 
explores a representative region of its phase space, so 
that true thermodynamic equilibrium is achieved. It is 
unclear even how to define the equilibrium state of a 
polydisperse crystal. As each particle is caged at a lattice 
site, a crystal’s composition is surely influenced more by 
the way in which it formed than by phase equilibria. We 
chose to avoid such difficulties by instead studying a 
fluid-fluid separation. This was induced by the addition 
of random-coil polystyrene (PS), which exerts an 
osmotic pressure on the colloidal spheres. When two 
colloidal spheres approach each other so closely that PS 
coils cannot fit between them, the osmotic pressure 



pushing them closer together is unbalanced. Thus an 
effective attraction between PMMA particles results. 
It is known as the “depletion” interaction [9, 10]. Its 
strength is set by the concentration of PS, and its range 
by the mean radius of gyration of a PS coil, (which, in 
our solution at 20 ± 2 °C, was approximately 94 nm). 
Eor monodisperse or slightly polydisperse colloid of 
mean radius R, the depletion interaction creates a fluid- 
fluid coexistence region in the colloid-polymer phase 
diagram, so long as rg>0.25R [11]. In the experiments, 
we avoided very high polymer concentrations, at which 
colloidal gelation occurs, since this too is non-ergodic 
behaviour. 

The procedure was as follows. A parent stock of 
polydisperse PMMA colloid was first characterized by 
measuring the sizes of 830 particles from a dried 
sample imaged in a transmission electron microscope. 
To check that our counting was representative, we also 
measured the form factor by static light scattering, 
and compared it to the average form factor calculated 
using the measured particle size distribution [12]. 
Thus the parent stock of colloidal particles was found 
to have an average radius .^p = 167 nm, a polydisper- 
sity ffp = £p =0.18, and third to second moment 
ratio £p/e| = —0.113 ± 0.012. By choosing the relative 
amounts of solvent and PS in the sample tube, a sample 
from this stock was taken to a point in the phase 
diagram at which fluid-fluid separation occurred. The 
phases were allowed some considerable time to equili- 
brate, since a polydisperse two-phase system may appear 
to be at equilibrium when only the overall densities (but 
not the compositions) have ceased to change. After 
equilibration, the phases were separately extracted and, 
by light scattering, the mean and variance of each 
colloidal size distribution was estimated (by fitting a 
Schultz distribution) from their form factors. The 




Fig. 1 Difference in variances of particle size in coexisting colloidal 
fluid phases versus differences in their mean sizes (both scaled to be 
dimensionless). Dashed line Prediction, from the measured third-to- 
second moment ratio in the stock colloid. Solid line Best fit through 
the origin, weighted by inverse-square uncertainties 
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procedure was repeated, taking the same parent colloidal 
stock to a different point in the phase diagram. In each 
case, the difference in the daughter phases’ variances Acr^ 
is plotted against the fractional difference in fheir mean 
sizes IsR/Rp in Fig. 1. There is a clear trend, with a 
negative gradient, between these, at first sight, unrelated 
quantities. The trend is, in fact, predicted in Eq. (12), as 
we shall now show. 

The x-axis of Fig. 1, AR/R-p, is simply Ae, which 
appears in the denominator in Eq. (12) with p = 1. In 
each pha^, the variance cr^ is related to the second 
moment by — iP. Erom Eq. (11) and conser- 

vation of matter, we predict e is small in each phase, so 
that the variance is approximately equal to the second 
moment. Hence, the y-axis of Eig. 1 is approximately 
Afi2 which appears in the numerator of Eq. (12) with 
a = 2. As the parent is the same for all data points in 



Eig. 1, the right-hand side of Eq. (12) is constant, so the 
data should lie on a straight line through the origin, with 
gradient ep/sp, the value of which is known. It is drawn 
as a dashed line in Eig. 1 . The continuous line is the best 
fit of the data through the origin (weighted by inverse- 
square uncertainties). 

In conclusion, we have used moments of the size (or 
charge) distribution as the thermodynamic parameters 
by which to describe slightly polydisperse colloids (or, in 
principle, any polydisperse fluid). In addition, we have 
used the small numbers arising from the narrow 
distribution as controlled expansion parameters. Using 
this formalism we have shown how to apply perturba- 
tion theory to polydisperse systems (Eq. 8). The formal- 
ism has given rise to some successful, general and 
remarkably concise rules for coexistence of slightly 
polydisperse phases. 
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Abstract The kinetics of growth and 
aggregation of polydispersed colloi- 
dal silver iodide particles was fol- 
lowed by static and dynamic light 
scattering. From the diffusion coef- 
ficients the hydrodynamic diameters 
and particle-size distribution were 
determined. Polydispersity of silver 
iodide colloids was confirmed by 
dynamic light scattering, showing 
bimodal and trimodal particle-size 
distributions. A model for the for- 
mation of the solid phase from 
homogeneous solution was estab- 
lished, considering these processes as 
consecutive ones. Since the particle 
sizes are kinetics-dependent, they 
were normalized under the condi- 
tions of chosen concentration of 
colloid and time passed from its 
preparation. The normalization of 
spatial and temporal extents showed 
that the particle sizes estimated by 
the normalized conditions within a 



great range of the concentration 
gradient and the related time of 
measurement, showed the same val- 
ues within the precision limits; the 
average hydrodynamic diameter of 
aggregates amounted to 
68.3 ± 8.0 nm. Using such treat- 
ment the low polydispersity of sam- 
ples was found. Normalizing the size 
of polydispersed colloidal aggregates 
enables the polydispersed colloid to 
be treated as the monodispersed one 
under the condition defined. Fur- 
thermore, such an approach showed 
that colloidal aggregation can be 
kinetically treated as a development 
of a fractalized process, i.e., the 
process that refers to the stepwise 
aggregation which can be considered 
kinetically self-similar. 

Key words Kinetics of aggregation 
- Light scattering - 
Polydispersed colloid 



Introduction 

Until now, almost all investigations of particle shape, 
size, and size distribution have been performed on 
monodispersed colloids [1]; all the literature consider- 
ations have avoided the theoretical and experimental 
approach to the dynamic structures. Recently, Riede 
et al. [2] applied dynamic light scattering (DLS) to the 
dynamics of dispersion polymerization of polyaniline; 
the particles produced were characterized by the increase 
in the hydrodynamic radii. The particle-size distribution 
of multisized polymer lattices was investigated by Chu 
et al. [3]. 



The stability of Agl colloids prepared by the in statu 
nascendi method [4] strongly depends on the concentra- 
tion of the reacting components and on the time of 
the measurements after the sample preparation. Highly 
stabilized systems as well as coagulated ones were found 
to be dependent on the concentration of the constituent 
ions as well as on the time of measurement. 

In this work we applied a new process to the kinetics 
of growth and aggregation of polydispersed colloidal 
particles; such an approach was used before for the 
theoretical treatment of equilibrated systems of defined 
monodispersed parficles [1]. The approach to colloidal 
stability in this investigation has its justification in the 
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presumption that the stable colloidal structure can be 
established in some determined concentration and time 
interval; therefore, the results show that the consider- 
ations which have been applied to monodispersed 
colloids can also be practical for negatively and even 
for positively charged Agl colloids [5]. 

The kinetics of particle aggregation was investigated 
using static light scattering (SLS). The intensity of 
scattered light, was measured as a function of time. 
Using DLS the diffusion coefficients were determined. 
The hydrodynamic diameters of the particles, the 
refractive index as well as the viscosity of the dispersed 
systems were calculated [1, 6]. From DLS data the 
particle-size distribution was determined in time- and 
concentration-dependent terms. 

The goal of this investigation was the determination 
of particle sizes by calculating their sizes at their related 
aging times; we called this procedure “normalization”. 
We supposed that the particle sizes under normalized 
conditions within the wide range of colloid concentra- 
tions would show the same values within the precision 
limits. 



Theory 

For better understanding we reproduce here the diagram 
from Ref. [4] which represents the Agl colloid stability 
as dependent upon concentrations of the reactants and 
the time of measurements. The complex formation as 
well as precipitation phenomena were found from the 
dependence on the concentration of the electrolyte 
solutions. In Fig. 1, within the region of the excess 
concentration of constitutive ions, two maxima can be 
seen, i.e., a “coagulation” one and an “isoelectric” one, 
as well as the region of the colloidal systems in-between 
which is stabilized by the excess of positively or 
negatively charged constitutive ions. It can be seen from 
Fig. 1 that the most stable colloids can be found within 



the region of the concentration excess of the negatively 
charged constitutive ions. These stable colloids were 
chosen for the investigation in the present work. The 
kinetics of aggregation was shown to be “slow” enough 
that all the colloidal characteristics could be investigated 
at some related definite time. Concerning the related 
time scale of the above-mentioned colloid aggregation, 
the graphical presentation “scattering intensity versus 
time” could follow either “S-shaped” or discontinued 
curves [5]. 

Using DLS the decay time F can be calculated from 
the measured autocorrelation function [6]. From the 
decay time the translation diffusion coefficient D was 
determined: D = Fjq^, with the scattering vector 
q = (47i«//,o)sin0/2). In this equation n is the solution 
refractive index, is the wavelength of the laser light, 
and 0 is the observation angle. 

Assuming the existence of spherical particles in the 
solution the hydrodynamic radii were calculated by the 
Stokes-Einstein relation [6, 7] from the diffusion coeffi- 
cient. The diffusion coefficient, D, for spherical particles 
is given by 



where is theBoltzmann constant, T is the tempera- 
ture, q is the viscosity and is the hydrodynamic radius 
of a particle. 

The correlation functions are time-dependent; there- 
fore, from a sum of different weights one can determine 
the size distribution. 

Since a strong dependence of the spatial and 
temporal factors was proved for the colloids prepared 
by the method in statu nascendi [4], i.e., for the systems 
that are not in the equilibrium state, it can be supposed 
that the same aggregate sizes can be obtained by the 
normalization of these factors. An explanation of the 
normalization model is given in the Results section in 
more detail. 




024686420 
pi- pAg+ 

(-logl-) (-logAgU 



Fig. 1 Reproduction from Ref. [4] 



Materials and methods 

AgN 03 and KI solutions were prepared from analytically pure 
chemicals from Merck, (Darmstadt, Germany). A standard 
solution of 1.0 mol dm“^ AgN 03 was prepared by weighing the 
dry salt on a precise Mettler balance. A solution of KI was 
standardized by Fajans’ method with standard AgN 03 solution [8]. 
Doubly distilled water was used in all the experiments. 

The investigation of the colloidal systems prepared by the 
in statu nascendi method [4] can be considered as a kinetics and 
structural observation of the solid-phase formation from the 
homogeneous solution by mixing all the reacting components at 
the same time. 

The kinetics measurements were performed using a Brice 
Phoenix DU2000 SLS connected to the recorder. The intensity 
of scattered light, Ui, was measured at an angle of 45°. The 
translational diffusion coefficient was determined using an Otsuka 
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700 DLS photometer. The measurements were performed at 
25.0 ± 0.2 °C. 



Results 

The concentrations of the negatively charged stable Agl 
colloids were chosen based on previous investigations [4, 
5]. The particle sizes of Agl colloids exhibiting various 
stabilities were determined at an Ag(N 03 ) concentration 
of 4.0 X 10”"* mol dm“^ within the wide KI concentra- 
tion region of 2.5 x 10~*-1.0 x 10”^ mol dm“^. 

The kinetics curves were followed by SLS; they 
are represented in Fig. 2. Some parts of the curves can 
be treated as parallel; the exception is curve 1 which 
represents much faster kinetics of aggregation. Basically 
two different phenomena can be considered for the 
formation processes of the solid phase from the 
homogeneous solutions; the growth of crystal nuclei 
and the aggregation of primary particles. After mixing 
together two electrolyte solutions, it is obvious that the 
process of growth begins as a second-order reaction, first 
creating the complexes and afterwards the crystal nuclei 
in the solution [9]; these states can be considered as the 




Fig. 2 Kinetics curves of the colloids: [Ag(N 03 ] = 4.0 x lO^"* 
mol dm“^ in all samples; [KI] = 2.5 x 10“'-4.0 x 10“^ mol dm“^ 
(the concentrations of particular samples denoted by numbers 1-12 
are given in Table 1) 



growth of primary particles. The state of growth can be 
followed by the aggregation of primary particles. These 
processes can be supposed to be consecutive aggregation 
of the fractal objects [5]. They are represented either by 
smooth S-shaped kinetics curves for the quasicontin- 
uous process of the growth of the particles supposing 
the aggregation to be a very fast process or by the 
discontinuous curves exhibiting stepwise aggregation. 
The processes can be followed kinetically as represented 
in Fig. 2. It is also reasonable to consider that the 
parallel parts of the discontinued kinetics curves 
represent some of the related processes reflecting the 
same properties of the colloid: the intensity of scattered 
light is proportional to the particle mass. Therefore, 
it is reasonable to suppose that the determination of 
particle sizes would show the same values under the 
conditions of normalized time and concentration of the 
colloid: this treatment creates the normalized conditions 
of colloidal stability that have to be governed by the 
colloidal concentration and some related time of obser- 
vation. 

A line was drawn perpendicular to the parallel parts 
showing the intersection points. Each intersection point 
is related to the changed concentration and the changed 
aging time, meaning the same colloid stability; one can 
see the related time for the chosen concentration by a 
dotted line drawn down to the x-axis in Fig. 2. 

The chosen concentrations, their related times and 
calculated particle sizes are represented in Table 1. 
Determination of the particle sizes calculated at the 
normalized times yields the hydrodynamic diameter, Jh- 

The diffusion coefficients decreased with decreasing 
colloid stability. The changes in the diffusion coeffi- 
cients, i.e., the related changes in the particle sizes are 
represented in Fig. 3: both values are constant for a 
wide range of KI concentrations. For normalized times 
r/h = 68.3 ± 8.0 nm. The exception from the estimat- 
ed sizes represented by curve 1 in Fig. 2 is due to 
different kinetics. After 1 day the sizes of particles 
were observed to be 100 ± 13.2 nm, within the low 



Table 1 KI concentrations for Agl colloids at normalized times, /„ 



No. 


c (KI)/mol dm ^ 


In 


4 (tn)/nm 


1 


2.5 X 10^' 


3 min 


195.7 


2 


1.2 X 10^' 


4 min 


75.3 


3 


1.0 X 10^' 


5 min 


69.3 


4 


8.0 X 10^^ 


9 min 


59.9 


5 


6.0 X 10^^ 


13 min 


80.9 


6 


5.0 X 10^^ 


17 min 


71.2 


7 


3.0 X 10^^ 


20 min 


74.0 


8 


2.5 X 10^^ 


25 min 


64.0 


9 


1.5 X 10^^ 


30 min 


55.7 


10 


1.0 X 10^^ 


1 h 


70.2 


11 


6.0 X 10^^ 


1.5 h 


57.5 


12 


4.0 X 10^^ 


4 h 


72.9 
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Fig. 3 Concentration dependence of a diffusion coefficients and Fig- 4 Histograms of a mass, co, b number, N, and c gamma, y, 

b hydrodynamic diameters of negatively charged Agl colloids at particle distribution for [KI] = 1.0x10 mol dm 

normalized times as well as after 1 day 



concentration region. In contrast, the unstable samples 
with KI concentrations higher than 5.0 x 10”^ 
mol dm“^ showed an increase in the hydrodynamic 
diameter after 1 day amounting to 240-540 nm. The 
refractive indices and viscosities of all samples exam- 
ined amounted to 1.33065 ± 0.00005 and 
0.891 ± 0.002 cP, respectively. By electron microscopy 
Mirnik et al. [10] determined the sizes of Agl aggre- 
gates larger than 200 and 700 nm for samples aged for 
1 and more days, respectively. These values can be 
compared with our DLS results. 

The average particle sizes of the colloids showing 
higher stability within the narrow concentration region 
of the excess kl concentration of 3 x 10~^-1.0 x 10”^ 
mol dm“^ were 88.4 ± 24.3 nm after 10 min, 94.8 
± 13.8 nm after 1 h and 190.4 ± 64.7 nm after 1 day. 

It can be seen that the particle sizes have different 
values depending on their stability as measured at 
different colloid concentrations and times, since an 
approach using normalization enables us to obtain the 
same particle sizes within the precision limits. From the 
aspect of colloid stability, by using such an approach we 
succeeded in achieving to approve the same aggregation 
conditions for the different stable colloids. 



The number, mass and y histograms indicate that 
these particles exhibited a bi- and trimodal particle-size 
distribution. The histograms are represented in Fig. 4, in 
Table 2 (normalized times in the unstable region within 
a KI concentration range of 2.5 x 10”^^. 0 x 10~^ 
mol dm“^) and in Table 3 (for 10 min in the stable 
region within a KI concentration range of 3 x 10“^- 
1.0 X 10“^ mol dm“^). The values include the experi- 
mental error limit of 15%. 

For each peak a dispersion ratio, doj/dA, was 
calculated. The monodispersed aggregates are indicated 
by a dispersion ratio of 1.05 ± 0.02; therefore, we can 
consider the bimodal (trimodal) monodispersed mix- 
tures to be present in these samples. Besides, analysing 
the mass and number distribution, we can see that only 
one particle size predominates. The total dispersion 
ratio, (dffl/dA)tot, varies within the range 1.03-1.65 for 
the particle sizes determined under normalized condi- 
tions, since their values were determined to be 1.10- 
8.51 for particles aged by 10 min. The (daj/dA)tot 
values exhibiting great deviation were been taken into 
consideration, since these values reflect only the 
presence of a small number of big aggregates. These 
results show that we can find the condition for 
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Table 2 The mass (m), number (N) and gamma (y) distribution of 
Agl sol particle sizes at normalized times, 



c/mol dm ^ 


tn 


d/nm 






OJ 


N 


y 


4.0 X 10“^ 


4 h 


22.0 


21.6 


22.5 






76.4 


73.3 


79.8 






1660.8 


1627.3 


1628.5 


6.0 X 10“^ 


1.5 h 


11.2 


10.6 


11.8 






54.0 


48.8 


63.2 






508.8 


359.4 


494.1 


1.0 X 10“^ 


1 h 


17.7 


17.4 


18.0 






83.9 


81.7 


86.1 


1.5 X 10“^ 


30 min 


16.3 


16.0 


16.6 






63.0 


60.8 


65.4 


2.5 X 10“^ 


25 min 


24.7 


23.0 


26.4 






98.6 


90.8 


107.0 


3.0 X 10“^ 


20 min 


17.2 


16.8 


17.6 






88.1 


85.2 


91.0 


5.0 X 10“^ 


17 min 


22.9 


21.2 


25.0 






113.2 


104.0 


122.5 


6.0 X 10“^ 


13 min 


35.4 


31.0 


40.0 






122.5 


111.6 


135.3 






2237.0 


2130.7 


2133.4 


8.0 X 10“^ 


9 min 


52.8 


48.2 


58.2 






1529.2 


1462.7 


1465.6 


1.0 X 10“' 


5 min 


17.1 


16.8 


40.5 






37.4 


34.7 


164.0 


1.2 X 10“' 


4 min 


23.7 


23.1 


24.2 






114.4 


110.8 


117.7 


2.5 X 10“' 


3 min 


42.6 


41.7 


43.6 






233.1 


226.8 


235.3 



Table 3 The mass (to), number (N) and gamma (y) distribution of 
particle sizes of Agl colloidal particles after 10 min 



c/mol dm ^ 


d/nm 






CO 


N 


7 


1.0 X 10" 


29.6 


27.6 


31.8 




942.7 


885.7 


920.4 


1.2 X 10" 


23.7 


22.8 


24.6 




187.1 


180.1 


193.8 


1.4 X 10" 


11.4 


11.0 


11.8 




43.4 


40.4 


47.5 




4175.5 


4022.6 


4026.5 


1.6 X 10" 


22.7 


21.8 


23.6 




292.3 


275.6 


307.1 


1.8 X 10" 


11.4 


11.0 


11.8 




54.6 


50.4 


58.7 




3980.5 


3835.7 


3839.7 


2.0 X 10" 


33.0 


30.3 


36.2 




5337.3 


5120.1 


5123.5 


2.2 X 10" 


11.2 


10.9 


11.5 




57.0 


52.0 


61.4 




1543.8 


1502.6 


1510.4 


2.4 X 10" 


28.1 


26.1 


30.5 




3531.8 


3395.4 


3400.3 


2.6 X 10" 


10.2 


9.9 


10.6 




41.5 


37.5 


46.5 




3535.0 


3407.3 


3411.8 


2.8 X 10" 


12.5 


11.8 


13.4 




52.6 


48.9 


57.3 




4312.2 


4106.7 


4111.7 


3.0 X 10" 


9.5 


9.2 


9.8 




92.7 


89.2 


96.5 



characterizing particles of low polydispersity by apply- 
ing the normalization of the colloid concentration and 
aging. This also indicates that all colloidal particles 
pass through the same dispersion quotient during the 
aging process. 



Conclusion 

The normalization of the particle sizes performed 
within a wide range of colloidal concentrations indi- 
cates that the same mechanism can be generally applied 
to the processes of colloidal growth and aggregation. 
The normalization treatment of the experimental 
samples within the time intervals in which the particle 
sizes can be considered unchanged could be applied to 
the polydispersed colloids under the assumptions that 
the particles are spheres and that the system can be 
treated as a monodispersed one within the determined 
time intervals with the particle sizes assumed to be 
constant. 



The results obtained show that this approach is 
justified for properly chosen colloid concentrations and 
their related times. The average hydrodynamic diameter 
of aggregates as measured 10 min, 1 h and 1 day after the 
preparation ofthe colloids, amounted to 88.4 ± 24.3 nm, 
94.8 ± 13.8 nm and 190.4 ± 67.4 nm, respectively, 
while the value for the normalized conditions amounted 
to 68.3 ± 8.0 nm. In addition, the dispersion ratio of 
1.05 ± 0.02 obtained by the normalized condition indi- 
cates bimodal (trimodal) mixtures of monodisperse 
particles with a predomination of small sizes. 

Concerning the formation of the heterogeneous phase 
from the homogeneous one, we can conclude that the 
“S-shaped” kinetics curve could be assumed to be a 
special case indicating the continuous process; the 
“discontinued” shape of the kinetics curves could be 
considered as the general case for the processes of the 
stepwise particle growth. 

In addition, the results obtained can be compared 
with the fractal approach to Agl colloids [5] showing the 
self-similarity of the colloidal particle aggregation. 
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Abstract The adsorption of cad- 
mium ionic species at the goethite 
aqueous interface was measured as a 
function of pH. The electrokinetic 
properties of the system were also 
investigated. The surface complexa- 
tion model was used for interpretat- 
ion, and the association of cadmium 
species with negatively charged sur- 
face sites was considered. The elec- 
trostatic potential affecting the state 
of the surface species was calculated 
from the electrokinetic potential by 
Gouy-Chapman theory introducing 



the electrokinetic plane separation as 
an adjustable parameter. It was 
found that singly charged cadmium 
species are adsorbed on negatively 
charged surface sites with the corre- 
sponding equilibrium adsorption 
constant logA = 13.3 ± 0.35. The 
capacitance of the Helmholtz layer 
was found to be between 2 and 
2.5 F m“2. 

Key words Adsorption - Cadmium 
Electrical interfacial layer 
Electrokinetics - Goethite 



Introduction 

Adsorption of heavy metal ions on metal oxides is an 
extensively studied phenomenon due to its importance in 
ecology, namely in the transport of metallic pollutants 
through the soil [1-6]. In order to understand the 
processes of binding and release of (hydrolysed) metal 
species at the metal-oxide interface, certain theoretical 
models should be assumed. In the presented investiga- 
tion the surface complexation model (SCM) was used 
and the association of Cd species with negative surface 
sites was considered. Adsorption measurements, accom- 
panied by electrokinetic data, can be used for the 
quantitative description of adsorption equilibria at the 
metal-oxide/aqueous interface [7, 8]. The electrostatic 
potential affecting the state of the surface species can be 
calculated from the electrokinetic potential by Gouy- 
Chapman theory, introducing the electrokinetic plane 
separation as an adjustable parameter. Using this 
approach, the species that actually adsorb and the 
corresponding adsorption equilibrium constants can be 
determined, as well as the capacitance of the Helmholtz 



layer. The problem of using SCM is that several possible 
variations, with respect to the assumed surface reactions 
and the structure of the interfacial layer, agree with the 
experimental findings [9]. The aim of this study is to 
confirm that the use of adsorption and electrokinetic 
data and their simultaneous interpretation by the SCM 
can result in reliable conclusions. Such an approach is 
more accurate, since the adjustment of the values of the 
equilibrium parameters should fit both sets of measured 
data. To further examine the applicability of such an 
approach, the adsorption of Cd on goethite, which is an 
extensively studied model system for adsorption of 
heavy metals on metal oxides [10-14], was investigated. 
Since Cd shows pronounced hydrolysis in aqueous 
solutions distinguishing between the possible different 
mechanisms of the binding of Cd species is possible. 



Theory 

The interpretation used in this study considers rela- 
tionships between surface charge densities and the 



184 



corresponding potentials influencing the state of surface 
species. In the absence of counterion association in the 
triple-layer model [15, 16], the following planes are 
postulated; the 0-plane with MOHj and MO“ groups, 
the a-plane where binding of Cd species takes place and 
the d-plane which is the onset of the diffuse layer. The 
simpler double layer model (DLM) assumes no poten- 
tial drop between the a-plane and the d-plane, so 
4>a — 4>d- However, when the DLM is used, which is the 
case in the present work, one should assume a certain 
electrokinetic slipping plane separation, for example 
the distance between the onset of the diffuse layer and 
the slipping plane (s-plane) characterised by the 
C potential. 

The interpretation of adsorption and electrokinetic 
measurements considers equilibria in the bulk phase as 
well as at the interface. Water dissociation and hydro- 
lysis of Cd species take place in the bulk solution, with 
known equilibrium constants [17]: 



MO + Cd 



2 + 



MO • Cd^ 



Ka{i.2)exp{-2(I)^F/RT) = 



T(MO • Cd^ 



(MO^ 



Cd 



T(MO-)a(Cd2+) 
2+ • (M0)2 • Cd 



Ka{2.2) exp{- 2 (j)^F/RT) 



T[(M02 ■ Cd)] 
T(MO-)a(Cd2+) 



MO + CdOH^ 

Ka{i.i)exp{-(I)^F/RT) = 



MO • CdOH 

T(MO • CdOH) 



T(MO^)a(CdOH^ 



MO^ + Cd(OH)2 ^ MO • Cd(OH)2 
T[MO-Cd(OH)2] 



-^a(l.O) — 



T(MO^)a[Cd(OH)2] 



(5) 



( 6 ) 



(7) 



( 8 ) 



Cd^+ + OH- ^ CdOH+ Ki = 10®'^*^ (1) 

CdOH+ + OH- ^ Cd(OH) 2 (aq) K 2 = 10^ . (2) 

The experimental conditions in this study were chosen so 
that no precipitation occurred (pH < 9). The equilibria 
of interfacial reactions were taken into account by the 
SCM, which includes an electrostatic interaction term. 
The protonation (p) of amphoteric surface MOH groups 
is described by 



MOH + H+ MOHj 






expiFcpjRT) 



T(MOHj) 

a(H+)T(MOH) 



(3) 



and the deprotonation (d) of amphoteric groups by 



where (j)^ is the electrostatic potential of the plane in 
which the adsorbed Cd species are located, i.e. of the 
outer Helmholtz plane. The total surface concentration 
of active surface sites in the interfacial layer is defined as 

r,ot = T(MOH) + T(MOHj) + T(MO-) 

+ T(MO • Cd+) + T(MO • CdOH) 

+ 2T[MO • Cd(OH)2 ] + T[(M0)2 • Cd] . (9) 

The surface charge densities in the 0-plane and in the 
a-plane are given by 

(70 = T’{t(MOH+) - T(MO-) 

- T(MO • Cd+) - T(MO • CdOH) 

- T[MO • Cd(OH)2] - 2T[(M0)2 • Cd]} (10) 



MOH ^ MO + H+ 



Ki = exp{-F^o/RT) 



T(MO-)a(H+) 

T(MOH) ’ 



(4) 



where T denotes surface concentration (in mol per 
square metre), and is the electrostatic potential at the 
surface in the inner plane of the Helmholtz layer. 
Equations (3) and (4) may serve to obtain the ratio Kp/ 
Ki from the point of zero charge (PZC) in the absence of 
specific adsorption where T+ = T_ and (/>o = 0. At high 
ionic strengths, the association of counterions plays a 
significant role at the metal-oxide/electrolyte interface; 
however, this effect is substantially reduced at low ionic 
strengths and low surface potentials, which is the case in 
this study, and therefore, the association of counterions 
is disregarded here. 

Several possibilities of interaction with surface MO~ 
groups exist for the binding of Cd species; 



(7a = T’|2T(MO • Cd+) + T(MO • CdOH) 

+ 2T[(MO)2-Cd]} . (11) 

The surface charge density in the diffnse layer ((7^) is 
equal in magnitude, but different in sign, to the net 
charge bound to the surface (cts); 



(7s — — (7d — (To + (7a 

= FlnMOHj) - T(MO-) + T(M0 • Cd+) 

-T[MO-Cd(OH)2]} . (12) 

The potential drop between the 0-plane and the a-plane 
is given by the constant capacitance (Ci) of the 
Helmholtz layer; 

Cl = (7o/(</>o - <^a) • 



( 13 ) 
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Gouy-Chapman theory for the diffuse part of the 
interfacial layer provides the relationship between the ^ 
potential and the potential at the onset of the diffuse 
layer 0^: 



= {2RT/F) In 



exp(— 5 k) + tanh(Ff/4f?r) 
exp(-sK) — tanh(F^/4f?r) 



(14) 



where s is the separation of the slipping plane from the 
onset of the diffuse layer, and the reciprocal Debye- 
Hiickel length k depends on permittivity (g = 6 q • g^) and 
ionic strength (1^). Gouy-Chapman theory also enables 
ffd and 0's to be calculated 



ff, = -CTd = -^jMTdc sinh((()dC/2i?r) . (15) 



Combining Eqs. (3-8), (12) and (13), the expression for 
the surface concentration of negatively charged surface 
species r(MO^) is obtained: 



r(MO ) = 



Os/F - (z- «)r(A) 



(Ap/Ad) txp{-2<i)QF/RT)a{H+f-\ 



(16) 



where F(A) denotes the surface concentration of ad- 
sorbed Cd species with charge number z and n is the 
number of MO“ groups that build the surface complex. 




pH 



Fig. 1 Adsorption of Cd at the goethite aqueous interface. Depen- 
dency of the surface concentration of Cd species (■) and ( potential 
(•) on pH at 20 °C and 4 = 1 x 10^^ mol dm“ . In adsorption 
measurements, the mass concentration of goethite was 10 g dm“^ and 
the initial concentration of Cd was 2.5 x 10^^ mol dm“^ 



Experimental 



The following procedure was used in the interpretation 
of the experimental data 



All chemicals (HNO3, NaOH, Cd(N 03 ) 2 ; Merck, Germany) used 
in these experiments were of analytical purity grade. The goethite 
was prepared by precipitation from Fe(N 03)3 and NaOH accord- 
ing to the procedure described by Cornell and Schwertmann [18]. 
The specific surface area, as determined by the Brunauer-Emmett- 
Teller method, was 71 m^ g“'. The PZC obtained by titration at 
different ionic strengths was at pH 8.5, which agrees with the 
isoelectric point obtained from electrokinetic measurements. 

Adsorption measurements were performed at 20 °C using the 
following procedure. Suspensions containing a constant mass 
concentration of goethite (10 g dm“^) and a constant total 
concentration of Cd^'*' species (2.5 x 10^^ mol dm“^) were pre- 
pared. HNO3 or NaOH was used to adjust the pH. The 
experiments were performed in the pH range 3 < pH < 9, since 
precipitation takes place in a more basic region. The systems were 
constantly shaken for 24 h. In order to determine the amount of 
Cd adsorbed, goethite was separated by centrifugation and the 
concentration of Cd in the supernatant solution was determined by 
atomic absorption spectroscopy. 

Electrokinetic measurements, at 20 °C, were carried out with 
an Otsuka ELS-800 electrophoretic light-scattering instrument. In 
these experiments, the mass concentration of the solid was kept 
sufficiently low while the concentration of Cd and the pH were the 
same as in adsorption experiments after equilibration. 



Results and discussion 

The effect of pH on the adsorption and electrokinetic 
data for the Cd/goethite system is presented in Fig. 1. 






G.C, 



0a) ^ 0'd(— 0's) 



■ffo- 



C, 



(17) 



For the calculation of 0d(= 0a) from the measured {- 
potentials the value of the electrokinetic slipping plane 
separation should be assumed. Values of from 5 to 
25 A were used and no significant effect on the final 
results was found. The value of 15 A was used in the 
calculations since it is representative for the metal-oxide/ 
aqueous interface [7, 8]. 

The next step is the calculation of Ua- For this 
purpose, the kind of Cd species that actually adsorbs 
should be used. All possible assumptions (binding of 
neutral, singly and doubly charged species) were tested. 
The results obtained for adsorption of singly charged 
species (Eq. 6) satisfied all requirements, while the 
results obtained for adsorption of neutral and doubly 
charged species disagreed markedly with theoretical 
requirements which means that these processes can be 
neglected; however, the possibility of simultaneous 
adsorption of different ionic species still exists but the 
extents of these reactions are not significant. 

For evaluation of 0o from (Tq (Eq. 13), the value of 
the capacity per area of the Helmholtz part of the double 
layer Ci is needed. The proper choice of the Ci value can 
be verified by considering the final results of the 
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Fig. 2 The effect of the assumed value of capacitance Ci on the 
calculated mean equilibrium constant for adsorption of Cd species 
on goethite K.^ according to Eq. (6) using the experimental data 
presented in Fig. 1 (O). Standard deviations of the calculated K.^ 
values are also presented (□) together with the corresponding 
Nemstian slope (O) 



Fig. 3 The effect of pH on the electrostatic potentials at the goethite 
aqueous interface in the presence of adsorbed Cd species. Data from 
Fig. 1 were used in the calculations: measured ( potential (•), and 
calculated (j>^ (♦) and (j)^ (A, A) potentials. Potentials at the inner 
plane of the Helmholtz layer ((^q) were calculated using the limiting 
values of the capacitanceiCi = 2 F mT^ (A) and Ci = 2.5 F (A) 



interpretation. Once (f>Q is calculated, the surface con- 
centrations of MO“ species and, consequently, adsorp- 
tion equilibrium constants can be obtained. In doing so, 
the value of KpjK^ = lO’^ was used, as obtained from 
the PZC of goethite in the absence of Cd. 

The choice of a proper assumption regarding the 
mechanism of adsorption and of the proper value of C\ 
is based on some requirements. The calculated values of 
T(MO^) and K.^ should be positive in the whole pH 
region, the slope of (/jq versus pH must be negative 
(lower than -58 mV/pH) [19, 20] and all data points 
should produce the same value of K.^. The effect of the 
assumed Ci on the calculated equilibrium constant 
(together with standard deviation) for the binding of 
CdOH^ on MO~ sites is displayed in Fig. 2. The 
“Nernstian slope” d^g/dpH enables detection of the 
lower limit of capacitance, so it may be concluded that 
Cl should be higher than 1.95 F m“^. This finding agrees 
with the criterion based on the minimum of standard 
deviation of K.^, obtained for Ci = 2 F The 
minimum is shallow but one can still conclude that Ci 
should be lower than 2.5 F m“^. Accordingly, it was 
concluded that Ci lies between 2 and 2.5 F m~^. 



Consequently, the limiting values of log are 13.7 

and 13.0, with the corresponding “Nernstian” slope of 
-58 and -47 mV, respectively. The calculated potentials 
in the interfacial layer of the goethite aqueous interface 
in the presence of adsorbed Cd species as well as the 
measured ( potentials are displayed in Fig. 3. To show 
the effect of the uncertainty of the C\ value, calculations 
of (/)q were performed using the limiting values of 
capacitance (2 and 2.5 F m“^). 



Conclusions 

The results of this study showed that CdOH ^ species are 
bound to the surface MO~ groups with the equilibrium 
constant logAa(i i) = 13.3 ± 0.35. The capacitance of 
the Helmholtz layer was found to be between 2 and 
2.5 F m“^. The potential of the inner part of the 
Helmholtz layer is close to the Nernstian one, with a 
slope from -47 to -58 mV. It may be concluded that the 
proposed interpretation of the adsorption and electro- 
kinetic data is a useful tool in studying the interfacial 
phenomena. 
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Abstract By the application of the 
Madelung constant, the Debye- 
Hiickel radius is deduced directly 
from the definition of the average 
edge length of a cube which contains 
one ion of a 1-1 electrolyte. The 
theoretical function of activity coef- 
ficient with concentration m 

7m = - 1) 

- 1 )] 

is deduced assuming that the ion 
interactions are, along with the elec- 
trostatic free-energy change, also 
under the influence of the chemical 
potential of cations and anions. The 
constant parameters, 7 ^, 5 , £+, F+, 
and Eh can be estimated by 
fitting the function to experimental 
sets of points of any electrolyte. The 
theoretical function of the electroki- 
netic quotient, q, is proposed. This is 
measured as the electrophoretic mo- 
bility, or electroosmotic transport 
across membranes, or streaming 
current, or streaming potential on 



ionic strength or concentration, 1^, 
which reads 

^ lf^S(-^cm/-^c) I • 

The theoretical function is defined 
by three constant parameters; 

= maximum electrokinetic quo- 
tient, s = slope of the lines, 
I era = ionic strength defining q^a, 
one independent variable, m = mol- 
ality, and one dependent variable 
q = electrokinetic quotient. Con- 
stant parameters can be estimated 
by fitting the theoretical function to 
experimental sets of electrokinetic 
points. Electrostatic potentials Kp 
and Kpni replacing the classical 
Smoluchowki and Henry ^ poten- 
tials can be calculated from s, q^ and 
q, which are obtained by fitting, 
using 

Kp/Kpn, = 

Key words Colloids - Electrolytes - 
Stability - Coagulation - Electro- 
kinetics 



Introduction 

Since 1924, Debye-Hiickel theory (DHT) [1], including 
its limiting law and its several extensions, has been able, 
approximately, to explain the problems of ionic inter- 
actions in electrolytes of low ionic strength only, 
/c <w 10 ^^ mol dm^^, while the explanation of the 
same interactions at higher ionic strength has remained 
unsolved. In the present paper a simpler deduction [2] of 
the same theory based on the Madelung constant 
calculation (MCC) [3, 4] is described and the problems 



of ionic interactions at high concentrations are solved by 
introducing, in addition to the influence of the electro- 
static free-energy changes, the chemical potentials of 
cationic and anionic species. 

The experimental electrokinetic phenomena are ex- 
plained by means of the quotient between the Debye- 
Hiickel radius of charges fixed on the surface of colloidal 
particles and the same radius in the bulk of the 
electrolyte. 

All theories of the present author were developed 
with the purpose of explaining experimental results 
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published by many authors from all over the world; 
however, in the present paper the theories are first 
deduced and subsequently the experiments that served 
for the deduction are described in such a way that they 
confirm the same theories. 



Electrolytes in the aqueous phase 

Basic equations 

The volume of a cube containing one ion of the “cation- 
anion” pair of a 1-1 electrolyte can be defined by its edge 
length, /, which can be calculated from the ionic strength 
or concentration, 4, of any 1-1 electrolyte. If electro- 
static forces between ions were not active, they could 
form an imaginary cubic crystal and the following holds 

where 

/s = [lO*(2Z)dmVor‘]‘^^= 0.9399nmmor‘/^ . (1) 

The same equation also holds for real solutions of 
electrolytes if one assumes that the ionic species are 
homogeneously distributed in the electrolyte. 

The well-known definition of the radius, 1 /k, of DHT 
can be written as 

1 _ 

K (2F2/c)‘/^ Ks 

where 

— = 10*(6r£f?T/2)‘/V'^ = 0-3042nmr'/2c'/2 . (2) 

The standard values h and 1 /ks are defined by the 
standard concentration 7c = 1. The ionic strength, 7c, of 
a 1-1 electrolyte equals its concentration, c. 



The potential exhibited by an elementary charge at 
distances \/k and 1 /ks equals k and Ks, respectively. It 
can be expressed by any unit for electrostatic poten- 
tials. 

DHT is accepted as correct, in principle, because 
at low concentrations, 7c <wl X 10 Eq. (2) describes 
correctly, with an acceptable negative error, activity 
coefficients of experimental conductance, potent- 
iometric, freezing-point depression and boiling-point 
elevation measurements that are defined by y 1. 7c 
can be explained as that concentration, c, of a 1-1 
electrolyte which causes the same electrostatic potentials 
as any electrolyte of cations and anions of charge 
numbers z+ and z_. 

It is obvious, that Eqs. (1) and (2) hold for real 
electrolytes as well as for the imaginary cubic lattice. 

In the present paper, in addition to DHT, we propose 
a lattice theory [2] based on the MCC [3, 4]. Both 
theories explain how it is possible that \/k> I at 
7c <wl X 10^^ (see Fig. 1). It would normally be very 
difficult or impossible to explain how a variable like 1 /k 
can be greater than the variable / from which it is 
calculated as an average. 

The result expressed by Eq. (2) is equivalent to the 
claim that a single positive elementary charge homoge- 
neously spread over the surface of an imaginary sphere 
of radius 1 /k would exhibit in its center the electrostatic 
potential +k that is equal to the potential exhibited by 
all ions in a 1-1 electrolyte. A single negative elementary 
charge homogeneously spread over the surface of an 
imaginary sphere of radius 1 /k would exhibit in its 
center the potential — k. 

In Fig. 1, in the “log-log” plot system, the functions 
discussed are drawn in the range 10 <Ic< 1. Exper- 
imental concentrations are seldom higher than 
7c > 10-15. Fig. 1 also describes graphically the 
functions of the present chapter and explains its 
conclusions. 



Fig. 1 Functions of concentration 
of the 1-1 electrolyte (log-log): a 
the edge length, /, of a cube 
containing one anion or one cat- 
ion: h the edge length, Ic = of 
a cube containing one cation and 
one anion; c the Debye-Hiickel 
theory (DHT) length \/k', d half of 
it, 1/(2k). The negative charge is 
homogeneously spread on the 
sphere of radius. 1/k, and the 
positive charge on the sphere of 
radius 1 / (2k) or vice versa. The 
interrelation of their standard val- 
ues /cs, h and 1 /ks in c/(mol/dm^) 
= 1, which have been calculated by 
DHT and by the Madelung con- 
stant are indicated by arrows 
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The Madelung constant 

The relative electrostatic potential, which is proportional 
to the positive 0 < Ks/km and which is exhibited in a 
reference point (000) by all positive and negative charges 
in a simple cubic crystal, can be calculated by the MCC 

+m +n +p 

0 < Ks/km = M = 

—m —n —p 

1 < r^np = \/m^ +rP-+p^, 

0 < m —> n —> p ^ oo (3a) 

or, if proportional to the negative 0 > Ks/km 

+m +n +p 

0 > -Ks/km = -M = 5^5^2(-l)'”+"+7r„„^, 

— m —n —p 

1 < r^np = \/ni^ +rP- +p^, 

0 < m —> n —> p — > 00 , (3b) 

where M — 1.74756 = ^/n — 0.0249 w is the Made- 
lung constant of the simple cubic lattice, m, n, p are 
integer coordinates. 

Equation (3a, b) represents the summation of recip- 
rocal unit lengths in a cubic crystal. The constant ±M is 
an average reciprocal length that defines the relative 
potential ±Ks/km. 

Equation (3a, b) holds if the distances are defined by 
±1/k and ±1/ks instead of by the unit distance. The 
fundamental result of DHT and the MCC is that ±k and 
±Ks are proportional to the potential exhibited by a 
single unit charge at distances ±1/k and ±1/ks from it, 
respectively. 

Equations (2) and (3) define the same potential 
because ±km/ks = ±//M. The parameter ±Ks is defined 
by the unit concentration C = 1 . 

The most accurate values of M have been calculated 
up to 16 significant digits and the calculations are based 
on theoretical assumptions and not on direct numerical 
calculations. The infinite alternating series in Eq. (3) 
converges very slowly. In Ref. [3], the literature con- 
cerning the development of the calculation of M is cited 
and a method for increasing the rate of convergence is 
proposed by the author. Later on, independently, the 
same method was proposed by Hosoya [4]. Both 
deductions are, however, different. When applying the 
computation methods, proposed in Refs. [3, 4] extremely 
high accuracy can be obtained directly. Values of M are 
known for many crystal systems. 

All elementary charges in positions (±w,±n,±/)) 
exhibit the relative electrostatic potential ±Ks/± km in 
the reference point (000) which would be exhibited by a 
single elementary charge homogeneously spread over the 
surface of a sphere of relative radius r — \ /M or a single 
point charge at the same distance. 



If a negative charge were placed on a straight line at a 
distance / and a positive charge at distance 1 / k from the 
reference point, then both would exhibit the potential 
zero in the midpoint between them if 

■ ( 4 ) 

For 7c = 1 

^ I{^^)mcc ~ h/M 

or 1 /(ks)mcc = = 0.3078 nm (5) 

hold. 

The deduction of the standard Debye-Hiickel radius, 
1/(ks)]^cc’ MCC or by crystal lattice theory is, 

however, very simple, straightforward, physically justi- 
fied and easy to understand. One can also state that the 
MCC, which is physically obvious, indisputable and can 
therefore, be considered axiomatic, confirms DHT. One 
can conclude that 1 /(Ksjj^cc obtained by the MCC is the 
exact value because in the calculation of the radius of the 
ionic atmosphere by DHT, 1/(ks)qhj, linearization 
of the Poisson-Boltzmann equation represents an ap- 
proximation that causes an error. The deduction of 
DHT starts with Laplace’s operator combined with 
Poisson-Boltzmann statistics, while M can be considered 
the exact solution of the integral of Laplace’s operator. 

Consequently, the accurate value 1 /(ks)j^cc = h/M'^ 
= 0.3078/nm, the approximate value 1 /(ks)ojjj = 
0.3042/nm and the difference 1/(ks)dht“ V('<^s)mcc 
= —1.10% is an error of DHT. 

The imaginary lattice element 

According to the law of superposition of electrostatic 
potentials, the average potential, which is proportional 
to K in the reference point in the center of two concentric 
spheres of radii 1 / (2k) and 1 /k, is equal to the difference 
between the two potentials exhibited by the two charges 
homogeneously spread on the surface of the spheres. 
The same holds if the point charges are placed on a 
straight line. If one assumes that cations and anions are 
separated by a distance 1/(2k) the contribution to the 
average potential in the positive reference point in 
the center of one sphere is proportional to k and that of 
the negative one to — k. It holds, therefore, that 

2k — K — K (6) 

and 

K — 2k — —K . (7) 

This means that reference points with positive, +k, 
and negative, — k, potentials exist in the imaginary lattice 
element. 

Here, 1/(2k) represents the minimum and the most 
probable distance between the two ions. At the same 
distance all ions are dissociated, fully active and they all 
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conduct electricity. They decrease the melting point and 
increase the boiling point in the way two uncharged 
molecules would change them. 

The electrostatic activity coefficient y — a/Ic — I for 
all concentrations, 7c, because the charges of cations and 
anions are constant in all concentrations and cause the 
same potentials at equal distances, however, with the 
opposite sign. The MCC and DHT are theories of solely 
electrostatic interactions between ions. No chemical 
interactions are assumed between ions. For the same 
reason, cations and anions are electrostatically equally 
active and there is no difference in the electrostatic 
activity coefficients, i.e., y^ — yj^—y_ — y—\ for all 
concentrations up to the maximum feasible. The same 
claim is in contradiction with the explanation given in 
many textbooks. 

The edge of the imaginary cube that contains one pair 
of ions is defined by 7c = 

In Fig. 2, for explanation, cross sections of eight 
imaginary spheres are drawn. The greater radii, 
r± = 1/k, and the smaller, r± = 1/(2k), represent cross 
sections of imaginary sphere surfaces charged homoge- 
neously with either positive or negative elementary 
charges. In their centers, ©, ©, the potentials are either 




Fig. 2 Cross sections of four pairs of spheres of radii 1 /k and 1 /{2k) 
causing potentials proportional to +k and —k in the centers. At the 
points designated by O the potential is zero. Sixteen pairs of spheres 
form the imaginary cubic lattice element. The points designated by 9 
represent +e/6 of a positive elementary charge, and those designated 
by O represent —e/6 of a negative charge 



+K or — K. In the points indicated as plain circles, O, the 
potential is zero. If one replaces the imaginary homoge- 
neously spread charges on spheres of radii 1 / k and 1 /(2k) 
with six charges, each of one-sixth of an elementary 
charge, O and •, in the coordinate axes, then one obtains 
the imaginary elementary lattice element. 

The variations of I and 1 / k with 7c are equal in the 
imaginary lattice and in real electrolytes. 

A dilution can be considered a thermodynamically 
spontaneous process, i.e., a spontaneous decrease of 7c, 
for example, diffusion of the electrolyte causes a spon- 
taneous increase of |1/k| >0 and a decrease of |k| < 0. 

The electrostatic and chemical interactions of ions 

If electrostatic forces between ions only defined the 
activity coefficient function, as assumed in DHT and the 
MCC, the activity coefficient, y, would be constant and 
equal to 1 up to the highest experimental concentrations. 
Obviously, the properties of ions cannot depend on their 
electrostatic properties only, because they must also 
depend on their chemical properties, i.e., on their 
chemical potential. The latter fact is totally neglected 
by DHT and the MCC. 

In Fig. 3, the activity coefficients, of Lil and the 
alkali chlorides LiCl, NaCl, KCl, RbCl and CsCl as 
functions of molality, 0.1 < m < 5, are drawn. They are 
reproduced from Table VI of Ref. [5]. One must 
conclude that the lower the atomic number of cations 
and the higher the atomic number of anions in the 
homologous series, for example, y/Lil) > y(LiCl) > 
y(NaCl) > y(KCl) > y(RbCl) > y(CsCl), the higher the 
activity coefficient of the electrolyte. Obviously, the 
relative difference between the chemical potentials of 
cations and anions is the cause of the variation in 




m/(mol/kg) 

Fig. 3 Activity coefficient, = a„i/”U as a function of molality, of 
Lit and of alkaline chlorides LiCl, NaCl, KCl, RbCl and CsCl, 
reproduced from Fig. 5 of Ref [5] 
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activity coefficients. The highest and lowest activity 
coefficient functions are those with the lowest cation and 
the highest anion atomic number electrolyte, i.e., of Lil, 
and the highest cation and the lowest available anion 
atomic number, i.e., of CsCl. 

No doubt, the deviation in activity coefficients from 
unity can be due to thermodynamical reasons only and 
for electrolytes, besides the electrostatic free-energy 
changes, the chemical potentials of cations and anions 
must also be included. 

DHT, including its extended versions, could not 
explain the experimental plots of activity coefficients, 
especially not if the plots had minima and if 1 < 
because they are theories of solely electrostatic interac- 
tions between ions, while no chemical interactions are 
included. In DHT and in the MCC it was not taken into 
account that besides the electrostatic free-energy chan- 
ges ions are also under the influence of their different 
chemical properties. 

The fundamental result of the limiting law of DHT is 
that the negative ionic cloud exhibits the ion-cloud 
potential, —k, at the position of a positive charge at a 
distance 1/k and the potential +k at the position of a 
negative charge. Cations and anions produce equal 
potentials but of opposite sign at equal distances from a 
reference point. Consequently, exactly at the midpoint 
between them the electrostatic potential is zero. 

The attempt to use DHT to explain the deviations of 
activity coefficients from unity using the distance of 
closest approach has not been successful because the 
missing electrons in cations and the additional ones in 
anions are in their outer shells. In the assumed collisions, 
the electrons form a single shell and the resulting pair of 
ions is electroneutral. The concentration of such pairs is 
insignificantly small, in fact, it equals zero. According to 
the present explanation, due to electrostatic repulsion 
and attraction, cations and anions are always separated 
by the minimum distance 1 / (2k) . 

The chemical influence can be defined by the chemical 
potential = RT\n{a+) of cations and fi_ — RT\n{a ) 
of anions and one can define the variables Um = (k/kj)^, 
a+ = e\p[^_/{RT)] and o- — e\p[^_/{RT)]. The first 
variable is deduced from Eq. (2) on the molarity scale 
and it is also valid on the molality scale. One can define, 
therefore, the activity coefficient, y^, by 
7m = = am/(am + «+ + «-) 

= f/(l + a+/am + a-/am) • (8) 

Here, is the activity caused by electrostatic forces, 
a + , 0 - the same caused by chemical potential of cations 
and anions, respectively, m is the independent experimen- 
tal variable, and the separation of m into three addends, 
Um + u+ + U- , is a correct and permissible algebraic 
operation. All three addends have the same dimension 
of concentration with the unit mol per litre. In DHT, the 
equilibrium between anions and cations is defined by their 



electrostatic forces only and not by the unavoidable 
additional chemical forces. In chemical thermodynamics, 
the summation of chemical potentials of cations and 
anions holds according to the collision theory of reac- 
tions. The same summation is not permissible for 
reactions between cations and anions because they never 
collide. Also, y = Um/um = 1 of Eq. (8) holds for all 
concentrations irrespective of the function a^{m). The 
summation of chemical potentials of cations and anions 
would only be applicable if the probability of collisions 
between them defined the reaction rate and the reaction 
equilibrium. Since, according to the present explanations 
based on DHT and the MCC, cations and anions are 
always separated by a distance 1/(2k), it follows that 
cations and anions never collide. The summation of 
chemical potentials is justified for collision reactions only. 

One can define 

/«m + «-/«m = . (9) 

By Eq. (9) the inflnence of chemical potential is 
transformed into the sum of two elementary functions 
that are analogous to the functions of Eqs. (1) and (2); 
each addend is defined by a proportionality factor F+ 
and TL and an exponent. = 1/2 and E_—\. Since 
Eq. (2) is accepted as correct in principle, Eq. (9) must 
also be considered correct and physically justified. 

It follows from Eq. (9) that for m = 1 the constant 
parameters define the standard activity coefficient by 

7ms=l/(^++^-) ■ (10) 

Combining Eqs. (9) and (10), one obtains 
7m = l/[7ms+^+('M^^ - 1) - 1)] • (11) 

If w — > Um — > C = a — > 0 Eq. (11) satisfies the un- 
avoidable condition that, when 7^ 7 = 1> sum 

C+(wA - 1) +F_(w^- - 1) 0. £■+ = 1/2 and = 1 

are theoretically justified. Then, the parameters F+, iC 
and can be estimated by fitting Eq. (11) to experi- 
mental sets of points y^. Equation (11) is based on 
sound thermodynamic and electrostatic principles, for 
which reason it is theoretically well founded. Experi- 
mental activity coefficient functions, y^, of a great 
number of electrolytes can be found tabulated in the 
relevant literature, i.e., in many handbooks, for exam- 
ple, in Refs. [6, 7] and in many original papers. 

It follows that each electrolyte can be characterized by 
the theoretically well-founded Eq. (11) and its five pa- 
rameters: = 1/2, TL,£'_ = 1 . Published tables 

of activity coefficients, y^, of different electrolytes can be 
replaced by tables of y^s, F+,E+ — 1/2 and F^, E^ = 1. 
Then, activities or activity coefficients can be calculated 
for any concentration within the tabulated range. 

In Table 1, the parameters F+, Tk and y^s are 
tabulated. These were estimated by fitting Eq. (11) to 
experimental sets of y^ values of different f-f electro- 
lytes with preset values of £+ = 1 /2 and E_ — \ m the 
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range 0.1 < wr < 1. They have been taken from the table 
on page D-153 of Ref. [6]. 

In Figs. A-1, the parameter values obtained by fitting 
are given in the legends of the theoretical plots. The 
hypothetical point [c = 0, = 1] has been included in 

the fitting process in Figs. 4-7. 



In Fig. 4, experimental activity coefficients of Lil are 
plotted as crosses, +, from Ref. [7], p. 710, in the range 
0.001 < m <3. Parameter values which were obtained 
by fitting Eq. (11) to the points in the same range were 
used for calculation of the corresponding continuous 
theoretical plot. 
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Fig. 4 Theoretical = a^/m plot for Lit calculated using param- 
eters estimated by fitting Eq. (11) to experimental points, +, from 
Ref [7], p. 710 in the range 1 x 10“^ < m <3 



Fig. 5 Theoretical = a^lm plot for Csl calculated using param- 
eters estimated by fitting Eq. (11) to experimental points, -H, from 
Ref [7], p. 68 , in the range 1 x 10“^ < m <3 



Table 1 Preset parameters F+ = 1,£+ = 0.5 and £_ = 1. The variables y^ and Fh are obtained by fitting Eq. (11) to sets of experi- 
mental activity coefficients of various electrolytes as functions of molality, y„ (m), taken from Table D-153 in Ref [ 6 ] 
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Fig. 6 Theoretical = a^/m plot for CsCl calculated using 
parameters estimated by fitting Eq. (11) to experimental points, +, 
from Ref. [7], p. 59 in the range 1 x 10“^ < m < 11 



In Fig. 5, activity coefficients of Csl from Ref. [7], p. 
68, are plotted as crosses, + . When all measured values 
in the range 1 x 10^^ < m < 3 were used for fitting, the 
continuous theoretical plot was obtained. 

In Fig. 6, experimental values of CsCl are plotted 
as crosses, + , in the range 0.001 < wi < 10 from Ref. [7], 
p. 59. For fitting, the points were used in the same broad 
range. 

The greatest possible accuracy of estimated param- 
eters is limited by the number of points measured in the 
experimental range of m values, the accuracy of 
measurements of y^, the scatter of the measured y^ 
values and the broadness of the range. The values 
obtained by fitting also depend on the starting param- 
eter values. As in all experimental measurements, no 
perfect, ideal and exact values are ever obtained. 

From a set of experimental y{x) values three constant 
parameters of a theoretical function can be estimated with 
the greatest degree of accuracy. If the number of 
parameters is greater the accuracy of the parameter values 
decreases and the range of possible values broadens. 

The experimental y^ values are defined to three 
significant digits and their statistical scatter is unavoid- 
able. The relative error of the measured difference 1 — 
is greater at low concentrations than at high concentra- 
tions. The unavoidable experimental errors certainly 
cause even greater errors in parameter values. An 
additional difficulty is the broad range of preset param- 
eter values, all of which can give practically acceptable 
accuracy of the final result for the theoretical continuous 
y^ plot. By setting E+ = \/2 and £■_ = !, the range of 
possible F+, and y^^ values gets much smaller. 

The common characteristic of the plots shown 
Figs. 4—6 is the transition of the horizontal parts of the 
plots through an inflection and a minimum to the 



increasing parts of the plots. The increasing atomic 
number of the cations causes the shift of the inflection 
and minimum to higher concentrations and the increas- 
ing atomic number of the anions causes shifts to lower 
concentrations. For many electrolytes, the minimum is 
not observed even at the highest measurable concentra- 
tions. The increasing parts of the plots in Figs. 4 and 6 
demonstrate that Eq. (11) can be fitted with a high 
degree of precision to measured y^ points in the range 
1 X 10^^ <ni< 3-10, i.e., in the range in which the 
limiting equation of DHT as well as its extended 
versions has not been confirmed experimentally. The 
function y^ can even be extrapolated for lower concen- 
trations of w < 1 X 10^^. 



The transformation of chemical potentials into 
equivalent electrostatic free-energy changes 



The influence of chemical potentials can be transformed 
into equivalent electrostatic free-energy changes. If one 
positive and one negative charge were homogeneously 
spread on the surface of two imaginary spheres of 
variable radii \/k+ = and \/k- — 

the following would hold, in analogy to Eq. (2). 

^ + . ( 12 ) 

If w = 1 



F++F_ = 1/k+s + 1/k_s . (13) 

One can conclude that the parameters F+ — 1/k+s 
and = 1 /k_s are equal to the standard radii of the 
two homogeneously charged imaginary spheres. Com- 
bining Eqs. (11)-(13), one obtains 




- (1/k+s + 1/k-s) + m '/^(1/k+s + 1/k-s) 



(14) 

and 



l/7m = 7ms- (1 /k+s + 1/k-s) '/^(1/k+s + 1/K-s) • 

(15) 

The variable difference of reciprocal radii 
Kch = K+ - K_ (16) 

defines the average chemical influence of both cations 
and anions transformed into electrostatic units analo- 
gously to K = 2k — K in Eq. (6). 

In Eig. 7, the theoretical and experimental plots of 
the reciprocal activity coefficient log(l/yn,) and 
log(Knm) are plotted. Eigure 7 demonstrates that the 
increase of Kch is fast in comparison with the increase of 
K — 2k — K. The insignificantly small Kch "C k for 
m <w 1 X 10^^ becomes significant at m >w 1 x 10^^ 
and causes an increase in 1/y^ or a decrease in y^. The 
data in Eig. 7 are the same as those in Eig. 6. 

In Eigs. 4-7, three very characteristic activity coeffi- 
cient plots y^{m), of alkaline halides are exemplified. 
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Fig. 7 Plots of K, 2k, (log-log, Eq. 2) and Kch, and k_ (Eqs. 12, 13) 
in the range 1 x 10“^ < m < 11, and experimental points o( \/y^, + , 
that have been used for fitting Eq. (11) and the theoretical plot defined 
by parameters given in the legend and obtained by fitting. The same 
data as in Fig. 6 



Practically all functions of other electrolytes are of 
similar shapes. One can conclude that the exactness 
of the parameters obtained depends on the range of 
molalities as well as on the number of points measured 
and, of course, on the precision of the measurements. 
The parameters are correct and accurate for the range in 
which they have been obtained. The broader the range 
of reliable experimental activity coefficients the more 
accurate the estimated parameters. 

It is a generally accepted opinion that DHT is correct 
at low concentrations m <w 1 x 10^^ only. In fact, it is 
supported by experiments only at concentrations at 
which the influence of the electrostatic free-energy 
change significantly prevails over the influence of the 
chemical potential of cations and anions. Then, DHT 
can be declared as being supported experimentally 
because 1 — negligible at small concentrations. 

Chemical properties, characterized by the chemical 
potential of ions, are not considered by either theory, 
for which reason the variation in activity coefficients at 
higher concentrations can be neither predicted nor 
explained. In our opinion, DHT and the MCC are 
correct at all concentrations, while the variable activity 
coefficients at higher concentrations can be quantita- 
tively explained by the introduction of the influence of 
chemical properties, i.e., of chemical potentials of 
cations and anions into the theory. The chemical 
potentials of cations and anions transformed into 
electrostatic potentials are of opposite sign. 

The entity 1/M of the MCC is analogous to the 
distance of closest approach between two ions of DHT. 
The same distance is, however, in DHT defined by the 
sum of the radii of two ions in contact and it cannot 



explain quantitatively the variation in the activity 
coefficient, at higher concentrations. Still less can it 
explain the activity coefficient plots having a minimum. 
For the same reason, DHT is claimed to be correct at 
low concentrations only, where the influence of the 
electrostatic free-energy change significantly prevails in 
comparison with the chemical free-energy change, i.e., 
chemical potential, as explained by Fig. 7. In our 
opinion, two ions in closest approach, their centers 
being separated by the sum of their radii, are not 
dissociated and are not active as separate single ions and 
they cannot transport electricity either. In strong 
electrolytes, their concentration and influence are insig- 
nificant: in fact their concentrations equal zero. 

According to the MCC and the interpretation of 
DHT proposed here, cations and anions remain perma- 
nently separated by distances 1/(2k) and they never 
collide (see Figs. I, 2). 

Bjerrum’s ion pairs are also different from DHT and 
MCC pairs. The ions forming pairs according to 
Bjerrum’s theory are at a negligibly small distance 
compared with the DHT radius 1 /k and should be 
considered associated for which reason, in our opinion, 
they are not active as separate particles either and 
cannot transport electricity. All ions are separated by 
1/(2 k) of the MCC. They transport electricity and are 
fully dissociated. 

In our opinion, pairs of ions could be assumed to be 
dissociated only if at least one water molecule in 
Brownian motion separated them. The distances of 
closest approach of DHT and Bjerrum’s theories are 
much smaller than the distance between ions separated 
by one water molecule in Brownian motion. All three 
distances are an order of magnitude smaller than the 
distances 1/(2 k) of the present theory, (see Figs. 1, 2) 

The ideal disorder of ions in electrolytes can be 
explained by the assumption that pairs of ions separated 
by 1/(2k) move in all directions and rotate in all 
directions by fast Brownian motion in such a way that 
they never approach other ions closer than distances of 
1 / (2k) . On average, whatever Brownian motion does to 
any pair of ions, their separation always remains 1 / (2k). 

According to DHT, the ideal disorder of electrolytes 
is explained by the Brownian motion of single cations 
and anions, in all directions, and by their statistical 
separation by distances “sum of radii < r, — > oo”. The 
latter explanation is impossible because if two ions were 
separated by more than 1/(2k), they would approach 
other ions closer than 1/(2k). 

The average separation distance of two ions can, in 
the model of eight ion pairs, like in the model of an 
infinite number of pairs of ions, only be 1/(2k), as seen 
from Fig. 2. One must conclude that the Debye-Hiickel 
model of reference cation or of a reference anion and 
their ionic clouds is inadequate because each ionic cloud 
occupies the whole volume of 0 < r — > oo. Since each 
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single reference ion plus its ionic cloud occupies the 
whole infinite volume, two types of models for electro- 
lytes would necessarily exist. In one type the ionic cloud 
would consist of anions and in the other of cations. 

Colloidal ionic solid/liquid systems 

The electrokinetic theories and experiments 

The thickness of the double layer on colloidal particles 

The imaginary crystal lattice element of ions fixed on a 
surface is a prism defined by the edge length, /p of the 
quadratic or trapezoid base and the height, hp, which 
represents the effective thickness of the ionic double layer. 

If one assumes that many negative elementary 
charges are fixed on the surface of a spherical particle 
or on a plane surface of r \/k, then the side length of 
the quadratic base. Ip, is defined by 

^ / particle surface 

’’ y number of charges per particle 

The particle surface and the number of charges per 
particle are measurable entities and, therefore. Ip is also 
a measurable entity. Both depend on the material system 
and the mode of synthesis of the latex. 

For entity the Ip, we propose the name “intercharge 
distance” of the point-charge double-layer model. 

In the homogeneous-charge double-layer model the 
quotient 

^ ^ [total charge] 

[total surface] 

of the solid colloid is called the surface charge density. If 
either the charge or the surface are not known or not 
quoted, a is undetermined. 

Since the homogeneously spread charge does not 
exist on colloidal particles, the charge density is an 
inadequate and impossible physical entity and we use the 
intercharge distance instead; 1/Kp can be calculated 
from it and both can be compared with I and 1 /k of the 
bulk electrolyte. 

Spherical particles of r <\/k are a special case. 
Particles of freshly precipiated Agl are examples of such 
particles. Experimental conditions of stability, coagula- 
tion, repeptization and aging are described by electron 
micrographs in Fig. 2 of Ref. [8]. 

In a stable sol or coagulated suspension, ions in the 
double layer and ions in the bulk are in equilibrium, 
which is governed by electrostatic and chemical forces. 
As a consequence, the concentrations and volumes of 
each pair of ions in the prism on the surface and in the 
bulk are equal. The volume of the prism occupied by a 
fixed pair of ions is l^ x hp and the volume that 
contains one pair of ions is 2 lllf^- Therefore, 



fphp^i III;' (19) 

and 

hp = 2 ll 7-1 . ( 20 ) 



The function hp decreases faster than f and 1. \/k, their 
intersection, has a given concentration, fm, and 



^pm — ^ -'em 


(21) 


and 




hp/hp^n = Icm/Ic ■ 


(22) 


Analogously to Eq. (5), 




1/Kp= V(2m9 


(23) 


and at fm 




1/Kpm = hpm/{2M^) 


(24) 


and, because of Eqs. (22)-(24) 




^p/^pm ~ (^pm/^p) 


(24) 



Electrophoretic mobility 

The electrophoretic mobility of a stable, not sedimenting 
particle is proportional to log(Kp/K) = log(/cm/^c)*^ • 
Therefore, 

9' = ^m-2 5|l0g(Kpm/Kp)| (25) 

and 

d — ^ lo§ |-^cm/-^c| • ( 26 ) 

Here, q is the experimental electrokinetic quotient and 
is its maximum value at the intersection, log(/cm), of the 
two lines with positive and negative slopes or of the value 
of log(l/K) at the intersection with the log(l/Kp) line. 

The electrophoretic experimental q is always mea- 
sured as the quotient between the length of the particle 
path in unit time and the applied electrical field strength. 

The electroosmotic experimental q is the quotient of 
the transported volume across the membrane in unit 
time and the field strength in the electrolyte of the 
membrane or of the analogous quotients in the stream- 
ing potential and streaming current experiments. 

The proportionality factor or the slope of the line is s. 
If the experimental plots of Eqs. (25) and (26) are 
functions with maxima, the increasing and decreasing 
parts of the plots can be approximated as straight lines 
that have the intersection of log(/cm)- The present 
theoretical analysis suggests that the electrokinetic 
mobility or transport is proportional to the logarithm 
of the electrostatic potential of point charges in the 
double layer, which in turn is proportional to the 
logarithm of the concentration or ionic strength. 
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Smoluchowski or Henry C potentials are always 
proportional to q. It is very probable that the functions 
with maxima are linear plots with positive slopes at low 
/c and negative slopes at high 4. 

The transition of Ic < /cm to /c > /cm is accompanied 
by the transition of 1 /k> l/jCp to 1 /k< 1/Kp. The 
latter would necessarily cause a change in the sign of the 
logarithmic terms in Eqs. (25) and (26). The same 
change would necessarily cause a reversal of the 
direction of the electrophoretic mobility. Experimental- 
ly, however, no reversal of the direction of the electro- 
phoretic mobility or electroosmotic transport with the 
sole increase of has ever been observed. In the whole 
range of feasible ionic strength 10^ w< Iq <w 10, the 
negatively charged particles move toward the cathode 
and the positively charged particles toward the anode. 
This is the reason why the absolute logarithmic terms 
must be inserted into Eqs. (25) and (26). The absolute 
terms define the maxima of the log(l/K) and log /c 
functions or the transition of the functions with a 
positive slope to those with a negative slope. 

In Fig. 8, theoretical lines are drawn that represent 
Eqs. (1), (2) , (25) and (26). Equations (25) and (26) can 
be fitted to experimental sets of points and s, /cm, qm and 
Kpm can be estimated. The slope, s, is the proportionality 
factor between the experimental and the theoretical 1 /k^ 
(or Smoluchowski’s Q versus log|/cm//c| functions. 
Perhaps, it will not be possible be predict the values of 
5 theoretically; however, they can be estimated by fitting 
the theoretical functions to experimental plots. The same 
theory was first presented in Fig. 5 of Ref. [9]. 

The theoretical Eqs. (25) and (26) explain the 
experimental electrophoretic mobility or electroosmotic 
transport quotient, q, or the Smoluchowski ^-potential 
functions having a maximum at a low ionic strength or 
concentration, /c <w 0.1 (see Figs. 1, 2, 3, 5, and Figs. 2, 
7 and 11 of Refs. [9, 10, 11], respectively). 



The experimental electr akinetic techniques 

Two main groups of electrokinetic techniques can be 
distinguished, i.e., the electrophoretic and the electroos- 
motic techniques. The former are applicable to small 
stable colloidal particles that are dispersed in a dispers- 
ing medium. They can also be applied for small 
aggregates composed of up to six singlets if they do 
not sediment. Such dispersions are called sols. Big 
aggregates of several hundreds of singlets are obtained 
by coagulation of sols with coagulators. As a rule, they 
sediment and one obtains suspensions by shaking or 
stirring. 

The singlets or primary particles are small dense, 
usually spherical particles having radii smaller or equal 
to the radius of the ionic atmosphere. 

The aggregates are sponge-like, irregular and the 
space between the singlets in the aggregates is filled up 
with dispersing electrolyte. As a rule, aggregates sedi- 
ment or can be centrifuged and for electroosmotic 
experiments membranes can be prepared from them. 

In both cases, the experimental electrokinetic results 
can be expressed as quotients, q, between the measured 
effect and the independent variable that causes it, i.e., 

[effect] 

q = . 

[cause] 

In electrophoresis, the measured quotient, q, is the 
mobility of the particles, i.e., the quotient between 
the particle velocity and the applied electric field 
strength. 

In electroosmosis the dependent measurable variables 
can be the quotients between either the “transported 
volume in unit time”, or the “streaming current”, or the 
“streaming potential” over the applied “hydrostatic 
pressure” on both sides of the membrane. 



Fig. 8 Theoretical plots (log-log), 
of I, Ic, 1 /k and q = - s\ log 

{///m)| qm 2.y| log(Kpni/K), 

versus T showing lines with a 
positive and a negative slope. The 
corresponding experimental plots 
have been published in Ref. [10-12] 
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Electrokinetic results 

Figure 1 in Ref. [10] presents four sets of experimental 
points. The potential, C/mV, on the ordinate is calcu- 
lated from the electroktrokinetic q and the abscissa 
represents = \og[KX], where X = F, Cl, Br and I, and 
[KX] is the concentration of the coagulating 1-1 
electrolyte. The points of all three electrolytes can be 
approximated as a horizontal line up to \og[KX] w —3.5, 
as a line with a positive slope up to \og[KX] w —3 and a 
line with a negative slope up to \og[KX] w —1.5. 

Figure 1 in Ref. [11] presents the variation of the 
electrophoretic mobility, /i/(10^*m^V^’ s^'), the ordi- 
nate, as a function of log/c = \og[KBr], the abscissa, 
for negatively charged bare polystyrene particles (PS) 
(plot 1) and the same particles (plot 4) with adsorbed 
poly-L-lysine which are positive. 

Figure 2 represents the analogous, but positive, bare 
PS (plot 1) and the same recharged with adsorbed poly- 
L-glutamine nitrate (plot 2). They are plots with a 
maximum and can be approximated as two lines with 
the intersection at log /cm- The lines have a positive slope 
at low /c and a negative slope at high C with the 
intersection at log(/cm)- 

Equation (26) can be fitted to the sets of points in 
both hgures and the constant parameters q^, s and Cm 
can be estimated. 

The modern experimental techniques used are so- 
phisticated and the results obtained are reliable and 
reproducible. Consequently, there is no reason to doubt 
their correctness or applicability to checking theories. 

It has been proved by direct computation analogous 
to Eq. (3), (Figs. 1- 3 of Ref. [9]) that, if on a sphere of 
r = \/k 134 elementary charges are fixed, 1 /Kp > f /k of 
the Gouy-Chapman plot and, therefore, > 1. 

Thus, the same computation confirms the present 
calculation of Kp by Eqs. (20) and (21). The same also 
holds if the counter anions are spread homogeneously 
on segments of sphere surfaces of radii 1/Kp with the 
fixed cation at the center of the base. The imaginary 
elementary lattice element of a pair of ions fixed on the 
surface of a stable particle is a prism with quadratic base 
/p < 1/k and height h^. No thus far proposed ^-potential 
theory has predicted lines with negative or positive 
slopes or functions with maxima. 

Several ^potential theories have been proposed to date 
[10, 11, 13]. Each of them proposes a different (-potential 
function and none with a maximum. Since experimental 
functions with maxima are an experimental reality, and 
none of the cited theoretical functions has a maximum, 
one must conclude that all the proposed theories are 
incorrect and erroneous. In addition, only a single 
(-potential function, and not several, can be correct. 

Spherical particles of freshly precipitated Agl are a 
special case. Conditions of stability, coagulation, rep- 
eptization and aging are described and elucidated by 



electron micrographs in Fig. 2 of Ref. [8]. Only one 
anion is adsorbed on each stable negative particle. 

Electro osmosis 

Coagulated sol particles of, for example, Agl, Ag 2 S or 
iron oxides, are aggregates or flocks, occasionally called 
clusters, of primary particles. Such aggregates are 
sponge-like and the space between the primary particles 
is filled with the dispersing electrolyte. Membranes for 
electroosmotic experiments can be prepared from such 
aggregates. 

In membranes of approximately 1 50 primary particles 
of Agl, only one is charged with a single adsorbed /^^. 
This means that approximately five uncharged primary 
parficles separate the charged particles from each other. 
In membranes there are no long and narrow cylinders of 
/ r 3> 1 /k that would be charged homogeneously. 
Long and narrow cylinders, in fact macroscopic capil- 
laries, are the models for calculating the ( potential by 
Smoluchowski theory. The (-potential values obtained 
by multiplication of the experimental q values by Smolu- 
chowski or Henry proportionality factors, which are 
assumed constant and valid for all different stable or 
coagulated colloidal systems, metals, nonmetals, ionic 
solids and lattices, and for the different electroosmotic, 
electrophoretic and other techniques, also in the broadest 
concentration ranges, have no physical significance 
whatsoever. The stable colloidal particles moving elec- 
trophoretically are not long and narrow homogeneously 
charged cylinders. Long and narrow homogeneously 
charged cylindrical capillaries never exist in membranes 
of coagulated colloidal particles. Long and narrow 
cylinders and long and narrow capillaries are models 
for the calculation of the Smoluchowski ( potential on 
stable particles and in membranes. Great spheres of 
1/k, which are homogeneously charged, are the 
models for the calculation of Henry ( potentials. 

The small number of charged primary particles 
surrounded by many uncharged primary particles in 
membranes cannot be the sole cause of the electrolyte 
transport across the membrane. We suggest that the 
adsorbed and oriented water molecules, which are 
dipoles, participate in the transport of the electrolyte. 

Helmholtz— Smoluchowski and Henry ( potentials 

Helmholtz-Smoluchowski and Henry ( potentials are 
calculated by multiplication of the experimental electro- 
kinetic quotients, q, by a constant theoretical factor. 
This factor is the same for all systems, for all concen- 
trations and it is also constant for all stable particles in 
sols as well as for coagulated particles in membranes or 
macroscopic capillaries. Of course, such constancy and 
equality are impossible; however, the correct result of 
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the Smoluchowski and Henry theories is that the ^ 
potential is of electrostatic origin. The shapes of the q 
plots and the proportional Smoluchowski ^-potential 
plots, because they are proportional, are the same. 

The electrostatic potential, Kp, should be calculated 
from experimental electrophoretic mobility or from the 
electroosmotic transport quotient, q, by the equation 

Kp/Kp^ = ^ (27) 

This is deduced from Eq. (25). The quotient fCpm/Kp 
replaces the classical Smoluchowski which is 

proportional to q/q^- In this way the 70-year-old 
unsolved problem of the electrokinetic double-layer 
potentials is solved. 



Conclusion 

The radius of the ionic atmosphere of the DHT of ionic 
interactions in electrolytes can be calculated directly 
using the Madelung constant of the cubic lattice. The 
error in the DHT radius is —1.10%. This is caused by 
the use of only the first two addends of the linearized 
Poisson-Boltzman equation. 

The chemical potential of cations and anions is 
considered responsible for the experimental variation of 
activity coefficients at concentrations 7c >w 1 x 10^^. A 
theoretical function is proposed. Its five parameters can 
be estimated by fitting it to experimental sets of values. 
Table 1 demonstrates that the five parameters can 
replace tables of experimental sets of activity coeffi- 
cients. Using the estimated parameters activity coeffi- 
cients can be calculated at any concentration within the 
experimental range. With the same activity coefficients 
the axes with the molarity or molality scale can be 
transformed into the activity axes. Then the theoretical 
functions can be quantitatively checked by experiments. 



The theoretical function “logarithm of the ratio of 
the Debye-Hiickel length in the double layer and in the 
bulk of electrolyte versus the logarithm of the ionic 
strength” is proportional to the electrokinetic quotient 
and it is a line having a positive slope up to ionic 
strength 7cm « 1 x 10^^ where the positive slope changes 
to a negative slope. Such experimental functions were 
observed by several prominent laboratories** and they 
cannot be explained by electrokinetic theories published 
up to now by different authors. 

The C potentials are calculated by Smoluchowski or 
Henry theories from experimental electrophoretic mo- 
bility or electroosmotic transport measurements with 
proportionality factors that are equal and constant for 
experiments with electrophoretic and electroosmotic 
techniques in all possible systems and at all feasible 
concentrations with systems of any dispersity. Also, the 
surfaces of colloidal particles are always charged with 
ionic charges and they are never charged with electri- 
cal, i.e., electronic, charges that would be homoge- 
neously spread over the surface of colloidal particles or 
on surfaces inside the membranes. The correct model 
for ionic charges is the point-charge model, while the 
model for homogeneously spread electronic charges is 
correct for flat surfaces of macroscopic metallic 
electrodes in cells that must be charged by an 
independent outside source of electricity, for example, 
by a battery. Two electrodes are required in order to 
produce homogeneous charges of electrons on their 
surfaces. 
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Abstract Precipitation processes 
were characterised in an aqueous 
solution of La(N03)3-KF at 25 °C 
using a light scattering method and 
potentiometric pH and pF titrations 
with a fluoride ion selective elec- 
trode. Two processes are taking 
place according to the precipitation 
diagram: (I) a neutralisation process 
at high concentrations of precipita- 
tion components in the ratio 1:3 and 
with the attained pH at 4.0 ± 0.3, 
leading to the formation of pure 
LaF3(s); (II) ionic solubility at 
La(N03)3 concentrations below 
(1.0 ± 0.05) X 10“^ mol/dm^ with 
large hydrated lanthanum ions in 
solution at a pH of 6.0 ± 0.3 
(hydrolysis), leading to a fresh pre- 
cipitate of lanthanum fluoride-hy- 
droxide containing a large amount 
of water, which is hard to filter and 
to dry, and is not suitable for the 
preparation of pure EaF3. The steep 
increase in particle size (from sub- 
micron to micron size range, as 
determined by dynamic light scat- 
tering measurements) of systems at 
the solid/solution concentration 
limit is accompanied by the increase 



in pH of the solution from 4.6 to 
5.9, dividing the concentration and 
pH regions I and II. In the former 
case I, the pF-stat crystal growth led 
to the formation of pure hexagonal 
LaF3(s), as determined by powder 
X-ray diffraction of the dried solid. 
The variety of morphologies found 
was a result of the growth and 
aggregation patterns of lanthanum 
fluoride particles from submicron to 
micron size and depended on the 
pH, supersaturation and time. The 
formation of dendrites (aggregates 
of monodisperse particles 
^300 nm), anisotropic fibers and 
ribbon-like multichains, reminiscent 
of liquid crystals or inorganic poly- 
mers, and finally large (several hun- 
dred microns) polycrystals, like 
hexagonal prisms and trigonal 
bipyramids, was characterised by 
dynamic light scattering and polar- 
ising microscopy. 

Key words Hydrodynamic 
diameter • Inorganic polymers - 
Lanthanum fluoride/hydroxide - 
Particle aggregation and growth - 
Polarizing microscopy 



Introduction 

This contribution is focused on the mechanism of 
growth of lanthanum fluoride and/or hydroxide colloi- 
dal particles precipitated at 25 °C from KF-La(N03)3 
aqueous solutions, in a broad ratio which is attained at 
different pH values. These sparingly soluble salts are 



much less soluble [1-3] compared to the lead salts 
investigated previously, which assumes a wider space 
(concentration dependence) and time dependent colloi- 
dal region. Hence, the aggregation process of inorganic 
moieties is in favour of real solid crystal growth in 
definite lattice ion concentration (pH)-time domains. So 
it is reasonable to assume the formation of inorganic 
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polymers with hydrolysable lanthanum ions similar to 
other hydrolysable ions such as ferrous, aluminium, etc., 
known in the literature. It is also reasonable to expect 
mesomorphism of inorganic polymers similar to organic 
ones. The first aim of this research was to estimate the 
crystal growth law of micron sized crystals with all the 
parameters which influence the mechanism thermo- 
dynamically during the growth process, such as 
supersaturation (pF), pH, ionic strength, temperature, 
order of addition of the components, mixing, etc. Thus 
the pF-stat method [4] was used. In this paper, the 
results of a spontaneous precipitation study will be 
presented to show the general picture of the variety of 
processes (mechanism of growth and aggregation in the 
early stages) involved by changing the hrst three main 
parameters mentioned above during the precipitation 
process, besides the pF-stat method. 



Experimental 

Chemicals were from Merck, Darmstadt. Both potentiometric pF 
and pH titrations were used, as well as pF-stat kinetic experiments 
using a F-selective electrode or a glass electrode with a saturated 
calomel electrode as a reference. The experimental set-up and the 
procedure have been described previously [4]. The growth of a 
submicron to micron sized range of particles was followed by 
measuring the dynamic light scattering (hydrodynamic diameter, 
4 h> determination) using a DLS-700S Otsuka (Japan) spectropho- 
tometer with an Ar^ laser [5], and was directly visualised by 
a polarising microscope with ). plate examination (Leitz-Wetzlar, 
Germany) and an automatic camera [6]. 

The seeds, used for growth in the pF-stat experiments, were 
prepared by slow spontaneous precipitation from La(N 03)3 and KF 
solutions in a concentration ratio of 1:3, [e.g. dropwise addition 
of 100 cm^ of 2 X 10^^ mol/dm^ La(N 03)3 and 100 cm^ of 
6 X 10^^ mol/dm^ KF, pH = 5.85], which resulted in the formation 
of a submicron, colloidal, almost monodisperse sole, with positively 
charged particles (that is, in agreement with [7]), and with a large 
specific surface area, despite heat treatment (see Table 1). During 
long standing the particles become coarse and very polydisperse 
(a disturbed system) with very large crystals at the bottom (prisms) 
as seen in the micrographs, although the blue-white sole in the 
supernatant solution is stable for several years, especially if the seeds 
were prepared so that the resulting pH was ~4. 



Results and discussion 

A typical potentiometric titration curve is presented in 
Fig. 1, together with the Gran plot used for the 

Table 1 Characteristics of lanthanum fluoride/hydroxide seeds 

DLS of sole: dy, (WA ± SD) = 360 ± 16 nm, div/dn = 1.01 
Electrophoresis of sole: mobility = 3.14 x lO^"* cm^/V s, 
zeta potential: 38.95 mV 
SSA determination of dried seeds: 56.13 m^/g, 

(1 h at 100° C, He/Nj = 70/30) 

XRD analysis of dried seeds: hexagonal LaF 3 
(JCPDF Card No 32-483) 



experimental determination of the activity products, 
from which the standard solubility product of LaF 3 in 
water and in 50% ethanol was determined (Fig. 3). An 
example of the pH titration and the corresponding 
variation in the intensity of the scattered light (/rei) of the 
dispersion is shown in Fig. 2. A summary of the results 
is presented in Fig. 4 as a precipitation diagram, with the 
pair of lattice ion concentrations, where the solid phase 
was detected by /^ei, measured at 10 and 60 min after 
mixing the components at 25 °C. Corresponding pH 
values and also some determined dn values are marked. 
The solid lines are the equivalence line and the 
calculated line for the thermodynamic ionic solubility 
of the 1;3 salt. Fitting line II of the data for the 
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v(KF)/cm^ 

Fig. 1 Potentiometric titration curve of lanthanum nitrate with 
potassium fluoride (1), together with the calculated Gran plot data 
(2, 3). The full line is the Boltzmann fit of the data 
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0.00 0.02 0.04 0.06 0.08 0.10 

c(KF) / mol dm-’ 

Fig. 2 pH-metric titration curve (experimental points and Boltzmann 
fit) and relative intensity of scattered light 10 min after mixing the 
components (apparent decrease in Gi curve above ~2 x 10^^ 
mol dm“’ KF is due to sedimentation). Calculated values for this 
particular case: = (0.018 ± 0.002) mol dm“’ KF, pH;, = 5.2, 

c(La’^) = 0.006 mol dm“’. The activity product for LaF 3 = 
1.3 X lO^** 
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c(La(N 03 ) 3 ) or c(KF) / mol dm'^ 



Fig. 3 Experimentally determined pAijp (thermodynamic solubility 
product) in water {full symbols) and in 50% ethanol {open symbols). 
Circles', titrant was La(N 03 ) 3 , c = 0.030 mol dm“^; .squares titrant 
was KF, c = 0.1 mol dm~^. LogA)jp° (c ^ 0) in H 2 O = (-16.53 ± 
0.02), 2% error in Ve (equivalent volume) determination; log Ksp° 
(c ^ 0) in 50% EtOH {e, = 51.3) = (-16.97 ± 0.24) 




Fig. 4 Precipitation diagram: circles denote the lowest concentrations 
with a detected solid phase by light scattering, measured after 60 min 
at a temperature 25 °C, and the corresponding pH; stars are systems 
with determined hydrodynamic diameters in nanometers; squares are 
systems for kinetic pF-stat experiments (see the text for further 
explanation) 

concentrations of the systems containing a solid phase 
below ^10“^ mol/dm^ La(N 03)3 coincides with this 
theoretical line, which means that ionic solubility is the 
dominant process in this region. Fitting line I, however, 
is parallel to the equivalence line, meaning that the 
charge neutralisation is the dominant process here 
(electrostatic interactions are the driving force), with 
the attained pH ~ 4. At low lanthanum ion concentra- 
tions containing large hydrated ions (nine coordinated 
H 2 O molecules), a fresh precipitate is lanthanum 
fluoride-hydroxide with a large amount of water, which 



is hard to filter and to dry, with the attained pH ~ 6. 
From the Boltzmann fit of the pH data for systems at 
the solubility limit, we determined the narrow pH range 
in which both fluoride and hydroxide precipitated; it is 
4. 6-5. 9 at ^10“^ M La(N 03 ) 3 . Lanthanum fluoride 
and/or hydroxide precipitate at the appropriate pF 
and pH according to the equation; 

{Aso(LaF3(s))/Aso(La(OH)3(s))}{A3/[H+]'} = [F-]' 

The size of the submicron particles of LaF 3 at the 
solubility limit are smaller than those of La(OH) 3 , 
which are at least one order of magnitude greater, i.e. 
the steep increase in size is accompanied with raising 
the pH of the suspension from 4 to 6. During the 
pF-stat kinetic growth experiment, the shifts of the 
submicron particles to higher dn values with time and 
narrow particle size distribution were determined. 
Figure 5a-h is a series of photomicrographs which 
show the manner of particle aggregation and growth; 
(1) anisotropic dendrites (Fig. 5a), obtained after water 
evaporation under microscopic glass from a few years 
stable blue sole at pH ~ 4.5 (region I in the precipita- 
tion diagram); (2) multichains stacking together 
(Fig. 5e-h), anisotropic fibres and ribbon-like morphol- 
ogies, wifh minimal curvafure or benf as helixes 
(Fig. 5f), consisfing of blue-yellow domains depending 
on the thickness, with equidistant black isotropic areas 
inside the ribbons, which might be long-range order 
(Fig. 5h), from the glassy precipitate at pH ~ 6.5 
(region II in the precipitation diagram); there is also 
the mixture of (1) and (2) in the pH region in-between; 
and finally (3) large solid polycrystallites (Fig. 5b, c), 
prisms (Fig. 5b) and bipyramids (Fig. 5c), at the 
bottom of the cell after long standing of seeds, and/or 
morphologies (Fig. 5d) visually resembling the figures 
of fhe liquid crystalline phase (see [8], plate 118) 
obtained from the isotropic liquid after fast crystalli- 
sation at the edge of the microscopic glass. Other 
experimental evidence (structural) is needed to distin- 
guish the behaviour of the liquid crystalline phase(s) 
from the isotropic liquid phase. Generally different 
morphological and accordingly assumed different struc- 
tural characteristics of submicron to micron sized 
particles, including their ID, 2D and 3D order in 
presumed liquid and solid crystals, either coexist in the 
suspensions examined or the presumed liquid crystal 
formation (if any) is a step towards real crystals, 
depending on the time and space scale (pF and pH). It 
is worthwhile to stress, however, that all these features 
were observed in this pure inorganic colloidal system in 
aqueous solution. Preliminary powder, polycrystalline 
X-ray diffraction data of the filtered, dried (at 100 °C) 
precipitate (seeds) show the structure of solid, real 
crystals of hexagonal LaF 3 . The same examination of 
the polymeric suspension is planned. 
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Fig. 5a-h Photomicrographs of aged lanthanum fluoride/hydroxide seeds (details in the text). Crossed polarisers, magnification 200x 
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Conclusion 

Besides experimental determination of the thermody- 
namic solubility product of lanthanum fluoride both in 
water and in 50% ethanol at 25 °C, which is needed for 
the calculation of the supersaturation to determine the 
law of crystal growth rate (to be published), we have 
determined the precipitation diagram at 25 °C and at 10 
(and 60) min after mixing the components, with the 
concentration and pH regions of lanthanum fluoride 
and/or hydroxide, in which spontaneous precipitation 
is governed by two different mechanisms. Particularly, 
special attention was paid to the aggregation manner of 
colloidal nano- and microcrystals, and to the presumed 
formation of mesophases. This is the first time, to the 
knowledge of the author, that morphologies resembling 
a liquid crystalline phase of this particular colloidal 
system of lanthanum fluoride/hydroxide in aqueous 
solution have been presented. Water is a solvent, a 
polydentate ligand for La^** and a constituent of the 



much less (five orders of magnitude) soluble solid 
La(OH )3 phase. In essence, micron-scale fibres and 
ribbon-shaped objects displaying characteristic optical 
birefringence textures spontaneously have appeared 
from an initially homogeneous solution under the 
defined pH conditions and supersaturations. Fast axial 
growth creates these forms. 

Furthermore, there are comparatively few publica- 
tions of inorganic (mineral) liquid crystals, e.g. AlOOH 
[9], UO 2 F 2 [10], imogolite [11], laponite [12] and some 
review articles that appeared recently [ 13, 14]. Most of 
these investigations are concerned with organic chemis- 
try and considerably less with mixed inorganic and 
organic liquid crystals and colloids [15]. 
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Abstract Neutron reflection has 
been used to measure the adsorption 
of gelatin, in combination with the 
surfactants sodium dodecyl sulfate 
and hexadecyltrimethylammonium 
bromide, to polystyrene. For gelatin/ 
surfactant systems, a mixed ad- 
sorbed layer is observed with a 
similar diffuse density profile to 
gelatin alone. The relative propor- 
tion of each component at the in- 
terface depends on the sequence of 
adsorption. Adsorption of a mixture 
to a fresh surface produces a layer 
with a high proportion of surfactant. 
Addition of gelatin or a gelatin/ 
surfactant mixture to an existing 



surfactant layer displaces surfactant 
from the interface. Adsorbed gelatin 
is not removed on addition of a 
surfactant solution; some surfactant 
penetrates, but the layer remains rich 
in gelatin. 
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Introduction 

This paper describes neutron reflection experiments that 
investigate the arrangement of gelatin and surfactants, 
alone and in combination, at the interface of polystyrene 
(PS) and water. Neutron reflection is a powerful tool for 
the investigation of interfacial systems [1,2] and has the 
advantage that deuterium labels can be used to distin- 
guish different species. It provides information on both 
the adsorbed amount and the distribution of adsorbates 
normal to an interface. Two surfactants have been 
studied; sodium dodecyl sulfate (SDS) and hexadecyl- 
trimethylammoniumbromide (CieTAB). Gelatin [3-5] 
and both the surfactants [6-11] adsorb strongly to 
hydrophobic surfaces. The interaction of SDS and 
gelatin in bulk solution has been the subject of several 
studies, e.g. [12-17]; SDS is believed to form micelle-like 
aggregates along the gelatin strands at concentrations 
below that for free micelles to form in solution. The co- 



adsorption of gelatin and other polymers with surfact- 
ants has been less widely studied [3, 18-19]. 

Previous work has characterised the adsorption of 
SDS [6] and gelatin [3] separately to the PS/solution 
interface. On their own, surfactants form uniform, 
dense, adsorbed layers with a thickness of 15 A (SDS) 
and 17 A (CieTAB) at maximum coverage. Gelatin 
forms diffuse layers with maximum density at the 
surface, decreasing with distance from the surface over 
about 50 A. This paper concentrates on the composition 
and structure of mixed layers of gelatin and surfactant. 



Experimental 

Materials 

a-Gelatin (Kodak) was used in this work. It is an amphoteric 
polyelectrolyte that consists predominantly of a single strand (M„ 
85000, M„ 114000 g moU') [20] and the isoelectric point is pH 4.9. 
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The amino acid sequence of tz-gelatin is known [20] and at pH 5 
there are about 50 positive and 50 negative sites on each gelatin 
strand. The gelatin naturally buffers the solutions to its isoelectric 
point. The gelation point is 38 °C but it does not gel at 
concentrations below ^^1% w/w at room temperature. Protonated 
SDS and C 16 TAB were obtained from BDH. The critical micelle 
concentration (cmc) of SDS is 8 mM and of C 16 TAB is 0.9 mM 
[21]. Deuterated SDS was synthesised by sulfonation of deuterated 
1-dodecanol. All surfactants were purified by recrystallisation from 
solution and purity checked by measurement of surface tension. 
Deuterated PS was either obtained from Polymer Laboratories or 
synthesised by free radical polymerisation. 

Substrates 

Similar substrates were used for all experiments: silicon crystals 
covered with thin films of polystyrene prepared by spin-coating. 
The silicon crystals were first cleaned of organic contamination by 
immersion in RCAl [22] (basic hydrogen peroxide) at ^^75 °C for 
10 min, then rinsing. They were then treated with a buffered 
hydrofluoric acid solution (Tsoform’, NH 4 F:HF in the ratio 7:1 for 
3 min) and rinsed with water. HF etches silicon oxide layer and 
leaves a surface that is hydrogen passivated and hydrophobic. This 
reduces the tendency for the polystyrene to de-wet on heating. 
Deuterated PS Aims were prepared by spinning from a 1% w/w 
solution in toluene onto a large glass slide, floating onto the surface 
of water, and then lowered onto the large surface of the crystal. The 
films were annealed on the crystals for 2-3 h under vacuum at 
^^160 °C, which is well above the glass transition temperature of 
the polystyrene (^^100 °C). The layers on the neutron reflection 
crystals were very uniform but thickness varied between experi- 
ments from 290 A to 450 A. 

Neutron reflection 

Neutron reflection determines the composition profile normal to 
an interface from the ratio of reflected to incident intensity. The 
variation in specular intensity with angle and wavelength depends 
on the neutron refractive index profile normal to the surface. The 
refractive index, n, for neutrons is given by: 

« = 1 - )?p/n (1) 

where p is neutron scattering length density of the medium and 
depends only on the atomic and isotopic composition. The 
scattering length densities of deuterated and protonated materials 
are very different. This enables different contrasts to be used to gain 
more information about a system, either to provide independent 
data sets to check the validity of a model or to label otherwise 
indistinguishable components of a mixture to determine the 
location of each material. For any given refractive index profile 
the reflectivity can be calculated exactly using the optical matrix 
methods of Abeles [23, 24]. It is usual to express the reflection data 
as a function of the momentum transfer normal to the surface, Q, 
given by: 

Q = (An/X)wi6 (2) 

where }. is the wavelength and 0 the angle of incidence. 

Neutron reflection experiments were conducted using the time- 
of-flight reflectometer SURF at the ISIS facility as described 
elsewhere [25]. The crystal substrate was mounted horizontally 
clamped above a PTFE cell containing the solution of adsorbate. 
Care was taken to avoid air bubbles in the cell, as they would collect 
on the reflection surface and affect the measurements. The cell was 
kept at 42 °C with circulating water from a thermostat. Measure- 
ments were made at three sample angles, 0.35°, 0.8° and 1.8°, to 
cover a range of momentum transfer 0.012 <Q/A“' < 0.5. The 



slits defining the incident and reflected beams were opened during 
the angular scan to optimise the illumination of the sample and 
maintain the angular resolution at 5%. Previous measurements for 
adsorption of SDS alone were made at 25 °C using the instrument 
D17 at the ILL, Grenoble [6]. 

The data were compared with model calculations of the 
reflectivity using an iterative least-squares technique. Care was 
taken that each model of layer composition fitted all data sets 
measured with different contrasts obtained by mixing normal 
water, H 2 O and D 2 O. Interfacial roughness was included in the 
model, and so the fitting parameters were thickness, t, scattering 
length density, p, and interfacial roughness for each layer, whose 
density profile could be rectangular, exponential or half-Gaussian. 
The results for p can be interpreted as chemical compositions using 
the data for scattering length density [3, 6, 8]. 



Results 

The combined adsorption of gelatin and surfactants 
was studied using solutions of 0.02% w/w gelatin with 
surfactants at their cmc. In solution with gelatin, SDS 
micelles form on gelatin strands at lower concentrations 
than the cmc for pure SDS, but the concentration at 
which free micelles form is slightly increased [12]. 
Similar behaviour has been observed for CieTAB 
(unpublished results). Thus the experiments in this study 
were conducted at concentrations such that micelles 
could form on the gelatin strands but not free in 
solution. The proportions of gelatin and surfactant 
in the adsorbed layers were investigated for both 
co-adsorption and sequential adsorption. The graphs 
in Fig. 1 show fits using a single homogenous model 
for the adsorbed layer, and a two-layer model with a 
surfactant monolayer at the surface. As seen in Fig. 1, 
better fits could not be established with multi-layer 




Fig. 1 Fits to neutron reflection data for gelatin solution in H 2 O 
added to an existing d-SDS layer. Open diamonds represent 
experimental data, lines represent fits to the data. Solid line', fitted 
with a single homogenous layer model, 45% gelatin, 5% d-SDS at the 
surface, decaying exponentially into solution with a decay length of 
60 A. Dotted line', fitted with a two-layer model consisting of a first- 
layer rectangular profile, 60% SDS, thickness 12 A; second layer 
exponential profile, 55% gelatin at the surface, decay length 40 A 
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models. This indicates that adsorbed layers of gelatin 
and surfactants have both components distribnted 
throughout the layer rather than being adsorbed to the 
polystyrene surface independently. The best fits were 
made with half-Gaussian or exponential density profiles 
as shown in Fig. 2. 

Addition of a mixed gelatin/surfactant solution to a 
fresh polystyrene surface resulted in an adsorbed layer 
containing a high proportion of surfactant and a very 
low proportion of gelatin; ^55% surfactant, 10% 
gelatin at the surface was measured, with an exponential 
decay length of 30 A for both SDS and CTAB. These 
proportions correspond to a molecular ratio of surfact- 
ant;gelatin of 400:1. 



In contrast, addition of a mixed gelatin/surfactant 
solntion to an existing gelatin layer gave an adsorbed 
layer with composition ^25% surfactant, 60% gelatin 
and a decay length of 50 A. Comparison of this layer 
with the 70%, 50 A for a pure gelatin layer [3] indicates 
that only a small amount of loosely bound gelatin is 
removed, and that the surfactant penetrates into the 
adsorbed layer. In this case the molecular ratio of 
surfactant to gelatin molecules is of the order of 40:1 for 
both SDS and CigTAB. 

Addition of gelatin or mixed gelatin/surfactant 
solntion to an existing surfactant layer gave a very 
similar layer to that formed on a fresh surface. This 
indicates that the surfactant originally adsorbed is 
displaced from the surface. 




Fig. 2 Possible density profiles for adsorbed layers: the solid line 
shows a half-Gaussian profile; the thick dashed line shows an 
exponential profile with a thin uniform surface layer; the thin dashed 
line shows a rectangular profile. All three correspond to the same 
adsorbed amount. Adsorbed layers of surfactant fit well with 
rectangular profiles but the adsorbed layers of gelatin may be either 
half-Gaussian or exponential profiles 



Discussion and conciusions 

Neutron reflection has been used to measure adsorbed 
amounts, thickness and density profiles of adsorbed 
layers of gelatin, and the surfactants SDS and CTAB, to 
polystyrene. Both surfactants at the cmc form uniform, 
dense adsorbed layers with a thickness slightly less than 
the extended length of the molecule. Gelatin forms 
diffuse adsorbed layers, with a maximum density at the 
surface, decreasing into solution with decay lengths 
^50 A from 0.02% w/w gelatin solution, with density 
^70% gelatin by volume at the surface. 

Adsorption of mixed gelatin/surfactant solutions 
results in an adsorbed layer consisting of a uniform 



Fig. 3 Diagram of possible ar- 
rangements of surfactant {grey) 
and gelatin {black) molecules in a 
co-adsorbed layer. The ratio of 
surfactant:gelatin molecules is of 
the order of 400:1 for a mixed 
solution added to a fresh PS 
surface, making micellar adsorp- 
tion likely. When surfactant 
molecules penetrate into an ex- 
isting gelatin layer, the ratio is of 
the order of 40: 1 and either of the 
top two models is likely 




+ 
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mixture of surfactant and gelatin with a decaying density 
profile. This occurs whatever the order of addition of the 
gelatin and surfactant, but the relative proportions of 
each component vary. When a mixed solution of gelatin 
and a surfactant is added to a fresh polystyrene surface, 
the adsorbed layer contains a high proportion of 
surfactant and little gelatin. Gelatin or mixed gelatin/ 
surfactant solution added to a pre-existing surfactant 
layer displaces the surfactant to form a similar adsorbed 
layer to that formed on a fresh surface. When surfactant 
or mixed gelatin/surfactant solution is added to an 
existing gelatin layer, the proportion of gelatin in the 
resulting adsorbed layer is much higher and that of 
surfactant much lower. Different models (Fig. 3) for the 
arrangement of surfactant and gelatin molecules are 
proposed. SDS micelles adsorb along the gelatin strand 
in the case of co-adsorption to a fresh surface. For 



addition of SDS to an existing gelatin layer, molecules 
adsorb individually along the gelatin molecules by 
electrostatic attraction to charged sites or hydrophobic 
interaction. 

These results contrast with the data for anionic 
polyelectrolytes co-adsorbed with a cationic surfactant 
[19] that have indicated formation of a surfactant 
monolayer at the surface with the oppositely charged 
polymer adsorbed on top. This difference may arise 
from the strong adsorption of the gelatin alone and its 
amphoteric nature. 
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Abstract Emulsifying metalworking 
fluids are subject to continuous 
evolution in order to increase econ- 
omy and satisfy growing ecological 
and safety requirements. Therefore, 
the composition of modern formu- 
lations is becoming more and more 
sophisticated so that a great number 
of usual components are changed for 
new less harmful components. Al- 
kylbenzenesulphonates have been 
widely used as emulsifiers but they 
are not allowed anymore. Nowa- 
days, different ethoxylates, fatty acid 
esters or ether carboxylates can be 
used in modern formulations. For- 



mulations of emulsifying metal- 
working fluids based on new types of 
emulsifiers and their properties are 
presented in this paper. The results 
of laboratory and application ex- 
aminations show that succinic acid 
esters and ether carboxylates can 
replace alkylbenzenesulphonates in 
metalworking emulsions. 

Key words Application - 
Environmentally more acceptable 
metalworking fluids - 
Ether carboxylates - Metalworking 
emulsions - New generation of 
emulsifiers 



Introduction 

Emulsifying metalworking fluids are fluids for cooling 
and lubricating during metalworking operations such as 
boring, drilling, milling, sawing, etc. Besides constant 
improvement of metalworking machines, the ecological 
and safety requirements have lately become the main 
promoters of metalworking fluid development [1]. 

So-called “negative sheets” listing the harmful com- 
ponents for people and the environment are part of the 
very strong European legislations and recommendations 
[2, 3, 4]. The deletion of compounds based on chlorine, 
nitrite, diethanolamine (DEA), compounds with aro- 
matic nuclei, etc. is a very important part of metalwork- 
ing fluid development [5]. The purpose of this 
investigation is to find substituted compounds (phos- 
phoric acid esters, fatty acid esters, triethanolamine, 
succinic acid derivatives, ether carboxylates) with the 
same or better application properties. 



Experimental 

We used commercial components for metalworking fluid formula- 
tion made by different producers. Mineral oil was paraffinic type 
SN 150 grade. Water was demineralised the preparation of 
concentrated fluids. Natural water was used for emulsion mixing. 
The compositions of the test fluids are shown in Table 1. We used 
standard methods for examination of the metalworking fluids and 
their components [6]: ASTM D 4172, ASTM D 1287, ASTM D 
1121, DIN 51360/Part I and Part II. The pH value was measured 
potentiometrically according to ASTM D 1287. For reserve 
alkalinity determination we used ASTM D 1121 a test solution 
(10 ml) is mixed with 90 ml water and titrated with 0.1 N HCl to a 
pH of 7. The corrosion properties were examined by the methods 
DIN 51360/Part I and II. Part I, known as the Herbert test, is 
corrosion cast-iron to steel. Steel chips wetted with the test fluid are 
placed on the cast-iron plate. After 24 h the plate surface is 
observed. Part II is known as the filter-paper test. Cast-iron chips 
wetted with the test fluid are placed on a filter paper. After 2 h the 
filter paper was observed. The extra pressure (EP) properties were 
determined by two mechanical machines. The first is known as the 
four-ball wear test machine (ASTM D 4172). Four metal balls are 
rotated in the test fluid under standard load at 75 °C. After 1 h the 
diameters of the test balls were measured and their average taken. 
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Table 1 Composition of test metalworking fluids 


Components, % /function 




Fluid 1 


Fluid 2 


Fluid 3 


Fluid 4 


Mineral oil, paraflBnic 


Oil- 


74 


38 


32 


22.5 


Pentapropenyl succinic acid monoamide 


E + C 


19 


40 


12 


- 


Fatty carboxylic acids mixture (oleic, stearic, lauric) 


E + C 




- 


- 


17.2 


Boric acid, MEA/TEA salt’’ 


C + B 


- 


- 


30 


- 


Boric acid MEA salt 


C + B 


- 


- 


- 


44.6 


Polyglycol ether of fatty alcohol Cie/Cig + 2 ethylene oxide 


E + D 


4 


3 


6 


- 


Ethoxylated oleyl cetyl alcohol 


E + D 


- 


- 


- 


5.95 


Carboxylic acid, tallow 


E 


2 


2 


5 


- 


Ether carboxylate 


E + D 






- 


4.45 


Hydroxystearic acid methyl ester 


L 


- 


15 


- 


- 


Dithiophosphonic acid P-4 amide alkeneamine salt 


L 


- 


- 


10 


- 


Biocide 


B 


1 


2 


- 


1 


Water 


- 


- 


- 


5 


5.5 


Emulsion type 




Conventional Semisynthetic Semisynthetic 


Semisynthetic 


Oil droplet size (iim) 




1-2 


0.5-1 


0. 1-0.5 


0.1-0.5 


'"^E = emulsifier, D = dispersant, C = corrosion inhibitor, L 


= lubricant, B = 


bacteriostatic 






’’MEA = monoethanolamine, TEA = triethanolamine 












Table 2 Properties of test metalworking fluids 












Properties, %, methods 


Eluid 1 




Fluid 2 


Fluid 3 


Fluid 4 


Concentrate appearance, visually 


Clear, brown 


Clear, brown 


Clear, brown 


Clear, yellow 


Stability, 0-50 °C/24 h, internal test 1 


Stable 




Stable 


Stable 


Stable 


Emulsion appearance, 5%, visually 


Milky white 


Semitransparent 


Transparent 


Transparent 








white 


opalescent 


yellowish 


Stability, 20 °C/24 h, internal test 1 


Stable 




Stable 


Stable 


Stable 


Alkalinity reserve, ml O.IN FlCl, ASTM D 1121 


2.3 




4.9 


7.0 


11.5 


pH value, ASTM D 1287 


9.3 




9.4 


9.25 


9.1 


Corrosion, DIN 51360/1, 1% 


RO/SO 




RO/SO 


RO/SO 


RO/SO 


DIN 51360/11, 2% 


0 




0 


0 


0 


Eoaming, foam volume (ml). 


100 




95 


75 


95 


after 5 min (ml), internal test 2 


29 




15 


0 


7 


Extra pressure properties 


0.87 




0.77 


0.67 


0.85 


Wear scar diameter (mm), ASTM D 4172 
Wear scar area (mm^), Reichert balance machine 


32.0 




26.0 


29.4 


30.5 



The second machine is known as a Reichert balance. Using this 
method we measured a scar area on the test rolls. The basic 
construction consists of a rotating metal ring and a static roll 
immersed in the test fluid. The stability of concentrates and their 
emulsions was tested visually at different temperatures (internal test 
1). The foaming properties were examined by internal test 2; this 
was carried out at room temperature. The test emulsion (50 ml) 
was placed in a graduated glass cylinder (100 ml) and shaken 20 
times during a period of 15-20 s. We measured the foam volume 
immediately and after 5 min. We also used deep-slide strips for 
microorganism counting, and a testro-refractometer for measuring 
the concentration. The data relating to the fluids’ properties are 
shown in Tables 2 and 3. 

After satisfying the required laboratory properties of metal- 
working fluid formulation, the properties should be checked under 
application conditions. Application properties were examined for 
four metalworking operations as shown in Table 3. For monitoring 
the properties of working emulsions we used the same methods as 
for the laboratory examinations. 

The formulation of a metalworking fluid is complex and 
requires a number of experienced examinations at the laboratory 
tests. 



Results and discussion 

Metalworking fluids are produced as concentrated 
solutions (concentrates). In applications they are mixed 
with water to make working-form emulsions. Concen- 
trates must be properly optimised in order to obtain the 
required emulsion properties. They consist of mineral 
oils, emulsifiers, corrosion inhibitors, EP additives, 
biocides, defoamers and others. Emulsifiers - surfactants 
are added to the fluid to increase emulsion stability. An 
emulsifier molecule orients itself with the lipophilic end 
immersed in the oil droplet. This natural orientation of 
the emulsifier molecules generates a surface tension 
through the attraction or repulsion of the ends of the 
emulsifier molecule and the water and oil. 

We have chosen the emulsifiers partly semiempirically, 
using the hydrophilic-lipophilic balance (HEB) [7]. For 
oil-in-water emulsions, the HEB values are usually high 
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Table 3 Metalworking machines and working conditions for test fluids, applications 






Working emulsion 


Fluid 1 


Fluid 2 


Fluid 3 


Fluid 4 


Metalworking machine 


Drilling machine 
Micromat GA 


Universal turning 
machine TNA 400 


Copying lathe Fischer 


CNC milling machine 
Norte 


Working metal 


Steel, iron, brass 


Steel, iron 


Steel 


Steel, iron, brass, 
aluminium 


Metalworking operation 


Drilling 


Turning, boring 


Turning 


Milling, boring, drilling 


Emulsion quantity (m^) 


0.10 


0.15 


0.30 


0.25 


Working emulsion concentration (%) 


5 


4 


3.2 


4.6 


Requirements of working fluid 


Cooling 


Cooling, lubrication 


Tool wear prevention 


Fubrication, cooling, 
longer working life 


Working life (months) 


>3 


>6 


>10 


>12 


Total number of micro-organisms 
in 1 ml, deep-slide strips 


lO*" 


10^ 


<10'* 


< lO"* 



(typically 10-12). However, the HLB value of an 
emulsifier depends greatly on the components. The 
necessary amount of emulsifier, by three-phase system 
rule mixing, according to Miler [8], can be estimated 
with difficult. We used anion-active (fatty carboxylic 
acids, ether carboxylate) and non-ionogenic surfactants 
(ethoxylated fatty alcohols, pentapropenyl succinic acid 
monoamide, ether carboxylate) in combination. The 
results with the function of each component are 
represented in Table 1. 

After finding fhe theorefical amount of emulsifier, 
numerous formulafions were mixed until we obtained 
satisfactory results. The optimum formulation of each 
metalworking fluid type is shown in Table 1. Fluid 1 
(FI) is a so-called conventional emulsifying fluid that 
has to contain a minimum of 60% of mineral oil. We 
added a poly glycol ether of a fatty alcohol Ci6/Cig with 
2 mol ethylene oxide and natural carboxylic acid to 
improve emulsion stability. For inhibition of bacteria 
growth we added biocide. F2 and F3 are semisynthetic 
types with a maximum of 40% of mineral oil. The 
general difference between them is in the content of boric 
acid derivatives that improve corrosion and bacteria 
stability [9]. F3 contains a boric acid salt of monoeth- 
anolamine (MEA) and triethanolamine (TEA) mixture. 
F4 also contains boric acid derivatives but based on 
MEA. In E4 the emulsifier consists of a combination of 
fatty carboxylic acids improved with one ethoxylated 
alcohol and alkyl polyether carboxylic acid (ether 
carboxylate). Ether carboxylates are mild surfactants 
showing both nonionic and anionic properties. They are 
mild to the skin and are readily biodegradable. The ether 
carboxylate increases the dispersity of the emulsion and 
thus its stability and service life. The resulting properties 
of the test fluids examined in the laboratory are shown in 
Table 2. The application properties at metalworking 
machines in different workshops are shown in Table 3. 
All formulations have good pH values that should be 
between 9.0 and 9.5 in order to satisfy corrosion 
protection and skin reaction requirements. The corro- 



sion properties, developed by methods with chips, are 
excellent for a minimum emulsion concentration of 2%. 
Reserve alkalinity shows additive concentration: F3 and 
F4 have higher values and also higher resistance to the 
influence of the environment. FI a milky emulsion, has 
the highest foaming tendency so it cannot be recom- 
mended for operation at high speeds. From the values of 
the EP properties we can estimate that all fluids will have 
good cooling properties. Additionally, F2 and E3 will 
have good lubrication properties. 

During the selection of new components the satisfac- 
tory application properties of working emulsions should 
be taken into account. These are cooling of the cutting 
zone, chip flushing, lubrication, corrosion properties, 
emulsion stability, resistance to microorganisms, capa- 
bility of slide-way oils emulsifying, no bad smells, etc. [10]. 

For formulation FI a minimum of application 
properties is required. These are cooling and corrosion 
inhibition over a 3 month period. Formulations F2 and 
F3 are emulsions with improved lubricating properties. 
The lubricating properties are the result of adding 
dithiophosphonic acid P-4 amide alkeneamine salt or 
hydroxystearic acid methyl ester as EP additives instead 
of chlorinated paraffin. The metalworking machines 
where the fluids were examined, working conditions 
and the requirements for each working emulsion are 
shown in Table 3. On the copying lathe, emulsion E3 
showed the best lubricating properties in its long service 
life. This EP emulsion has the best tool-wear index in 
comparison to the other emulsions. F4 showed excellent 
application properties through the longest emulsion 
working life. On measuring the total number of micro- 
organisms in the F3 and F4 emulsions the values did not 
exceed the value of 10"^ per millilitre. The bacteria growth 
in conventional emulsion FI is greater and reached 10^ 
per millilitre after 3 months. This is below the critical 
value of 10^ per millilitre. The physical and chemical 
properties of the test emulsions during application were 
monitored; the pH value, concentration, alkalinity 
reserve, odour, appearance and corrosion properties, 
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once a week; EP properties, conductivity, microorganism 
content, total water hardness, twice a month. 

In application all formulations exhibited good cor- 
rosion protection; tools, work pieces and working zone. 
The stability of the emulsions was excellent in spite of 
varying concentrations, pH values, entering lubricating 
oil from slide ways and water hardness. The emulsions 
did not cause sticking, foaming or skin reaction. 



Conclusion 

In accordance with health and environmental require- 
ments we prepared new emulsifying metalworking fluids 



with less harmful components. They are “more friendly” 
to the environment and people and also excellent in 
application. 

New metalworking fluids consist of alkyl succinic 
acid amide, ethoxylated fatty alcohols, fatty acids and 
ether carboxylate as replacements for widely used 
emulsifiers based on alkylbenzenesulphonates. Besides 
emulsifying properties, new types of surfactants in 
metalworking fluids also have remarkable anticorrosion 
properties. As a corrosion inhibitor, instead of DEA, it 
is shown that it is possible to use MEA and TEA salts in 
combination with boric acid. Chlorinated paraffin as an 
EP additive has been successfully replaced with a fatty 
acid ester and a phosphoric acid ester. 
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Abstract Polyorganosiloxane micro- 
gels have been synthesized by poly- 
condensation in a microemulsion of 
trimethoxysilanes. Highly crosslink- 
ed rather monodisperse particles of 
radius about 10 nm are obtained. 
Using silanes with special functional 
groups as comonomers, model par- 
ticles suitable for studies in colloid 
physics are available; photoreactive 
and fluorescent dyes have been 
chemically incorporated into the 
microgels to prepare tracers for dif- 
fusion studies using forced Rayleigh 
scattering and fluorescence correla- 
tion spectroscopy. Microgels con- 
taining small gold clusters have been 
developed as tracers for dynamic 
light scattering (DLS). Using laser 
light of wavelength 514 nm, light 
absorption of those tracers causes 
convectional flux which can be 
probed by distinct oscillations in the 
DLS signals. Using laser light at 
647 nm, far from the absorption 
band of the gold-containing colloids, 
at low light intensity the convection 
ceases and particle self-diffusion can 
be measured in concentrated disper- 
sions. By mixing a small amount of 



strongly scattering gold tracers into 
a matrix of refractive index matched 
colloidal particles, particle mobility 
has been probed as a function of 
particle concentration. Combining 
various optical methods, self-diffu- 
sion of polyorganosiloxane microgel 
tracers in a matrix of organic solvent 
and non-labeled microgels has been 
studied as a function of particle 
concentration over a wide concen- 
tration regime. Data analysis ac- 
cording to free volume theory yielded 
a particle concentration of 63 wt% 
for the zero-mobility limit. There- 
fore, it has been concluded that 
polyorganosiloxane microgels dis- 
persed in organic solvents behave as 
hard spherical particles without vol- 
ume swelling by the solvent. Opposite 
to previously studied PS microgels, 
the effective hard sphere volume 
fraction of polyorganosiloxane mic- 
rogels is identical to the analytical 
volume fraction determined from the 
particle concentration. 

Key words Colloids -Hard 
spheres - Light scattering - 
Fluorescence - Tracer 



Introduction 

Owing to their characteristic time scale and length 
scale in comparison to atomic systems, colloidal 
particles provide an ideal model to study the phase 
behavior and dynamics of soft condensed matter [1]. 
Particle size and size distribution as well as the 



particle interaction pair potential can be adjusted by 
appropriate synthesis. One system of special interest is 
hard spherical particles at high particle concentrations 
in the glass transition regime. For this simple physical 
model, mode coupling theory gives a detailed predic- 
tion of the behavior of particle mobility at the phase 
transition [2]. 
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To prepare colloidal dispersions with high particle 
concentrations, particle aggregation caused by van der 
Waals attraction has to be prevented. Therefore, 
colloidal particles have to be stabilized by choosing a 
special molecular architecture. Recently, sterically sta- 
bilized poly(methyl methacrylate)latices with a surface 
of short stearic acid chains have been studied as model 
hard spheres by dynamic light scattering (DLS) [3]. 
Another way of stabilizing colloidal particles at high 
concentrations is the use of soluble crosslinked parti- 
cles, so-called microgels [4]. Opposite to conventional 
colloidal particles, microgels are penetrated by the 
solvent molecules and therefore soluble up to very high 
concentrations. Owing to their network architecture, 
those particles maintain their spherical structure in 
solution. As an example, solutions of polystyrene 
microgels with high crosslink density have been inves- 
tigated by DLS [5] and forced Rayleigh scattering 
(FRS) [6]. Those particles were strongly swollen by the 
solvent. Therefore, the glass transition occurred at 
comparatively low particle concentrations of about 
10 wt% (compared to the predicted volume fraction of 

0.64 [1]). 

In all previous cases [3, 5, 6], the particle concentra- 
tion had been rescaled to an effective hard sphere 
volume fraction according to the crystallization behav- 
ior of the colloidal system [7]. Therefore, the particles 
effectively showed hard sphere behavior while not 
necessarily corresponding to true hard spheres, i.e. 
spherical non-deformable particles with smooth surfaces 
and only contact interactions. In this paper, a different 
species of microgels, polyorganosiloxane nanospheres 
[8], is presented. These particles show no volume 
swelling by the solvent but correspond to porous hard 
spheres penetrated by the molecular solvent molecules 
without changing the colloidal particle size. Conse- 
quently, the glass transition determined by tracer 
diffusion experiments occurs at very high particle 
concentrations of about 60 wt%. 

To measure the particle mobility of polyorganosilox- 
ane microgels over a wide concentration range, various 
optical tracer techniques have been employed. FRS [9] 
has been used to investigate particle diffusion at very 
high concentrations close to the colloidal glass transi- 
tion. For this purpose, optical tracers have been 
prepared by the synthesis of microgels labeled with the 
photoreactive dye or?/;o-nitrostilbene [10]. 

To study the faster mobility at medium particle 
concentrations in the fluid regime, two different optical 
techniques have been used; 

1. For confocal fluorescence correlation spectroscopy 
(CFCS) [11], microgel tracers containing fluorescent 
labels have been synthesized. In contrast to DLS [12], 
CFCS does not allow for adjustment of the experimental 
length scale. However, it is much less sensitive to 



impurities like dust. This is a major advantage, since 
sample purification necessary for DLS experiments is 
non-trivial for highly concentrated viscous colloidal 
dispersions. 

2. DLS tracer diffusion experiments, where only a 
small amount of the colloidal particles present in the 
system is contributing to the scattering signal, are also 
difficult to perform for very small particles like the 
microgels treated in this paper. To increase the scatter- 
ing contrast of the tracer particles, which is proportional 
to the particle volume and refractive index of the 
scatterer in comparison to the surrounding medium, 
the technique of enhanced Rayleigh scattering has been 
used [13]. This method is based on the effect that light 
scattering intensity strongly increases close to a light 
absorption band of the scattering particle. Therefore, 
microgels containing tiny gold clusters, which lead to 
light absorption of the particles at 525 nm close to the 
wavelength of the incident laser light of our experimen- 
tal DLS setup, have been prepared. Unfortunately, light 
absorption using a laser wavelength of 514 nm very 
close to the absorption band causes unwanted convec- 
tion which leads to oscillating DLS signals, like those 
shown in a recent publication [14]. However, this effect 
can be suppressed at low laser power and by chosing a 
laser wavelength of 647 nm comparatively far from the 
absorption band. Apart from the disturbing effects of 
dust impurities, DLS has therefore been found to be 
appropriate to investigate the diffusional mobility of 
polyorganosiloxane microgels in concentrated colloidal 
dispersions. 

A combination of these optical techniques gives a 
comprehensive description of particle mobility as a 
function of concentration over a wide concentration 
range. 



Experimental 

Forced Rayleigh scattering 
Setup 

FRS is a holographic grating technique suitable to study very slow 
transport processes found in polymer melts or highly concentrated 
colloidal dispersions. Technical details of our experimental setup 
have been described elsewhere [15]. In principle, the sample is 
exposed to two coherent interfering laser beams from an Ar^ laser 
operating at a wavelength of 488 nm, power 100 mW, for an 
exposure time of 10-50 ms. During this period, a holographic 
diffraction grating is created by bleaching photoreactive labels at 
the positions of interference maxima within the specimen. Next, 
one of the beams is blocked and the second beam attenuated 
to avoid further photobleaching. The Bragg diffraction of the 
attenuated beam then is detected by a photomultiplier. Owing to 
diffusion of the labeled tracer particles, the amplitude of the grating 
is decaying as a function of time. Accordingly, the Bragg diffracted 
light intensity decreases. From the time decay of the signal, the 
self-diffusion coefficient of the labeled tracer particles can be 
determined. 
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Tracer system 

To study diffusion of colloidal particles by FRS, they have to be 
labeled with suitable photoreactive dyes. A photolabel widely used 
in FRS experiments is or//7o-nitrostilbene (ONS) [10], This label 
may be chemically attached onto polyorganosiloxane microgels 
according to the synthetical principle sketched in Fig. 1. Chloro- 
benzyl functionalized polyorganosiloxane microgels are prepared 
by cocondensation of trimethoxymethylsilane and chlorobenzyl- 
trimethoxysilane in aqueous dispersion. Particles are coated with a 
hydrophobic shell by condensation with trimethylethoxysilane and 
precipitated in methanol. These highly crosslinked spherical 
particles of radius 10 nm and size polydispersity <10% are 
redispersed in toluene, where the endcapping is completed with 
hexamethyldisilazane. The endcapping procedure is necessary to 
avoid interparticular condensation, i.e. formation of aggregates, 
upon isolation of the product. Particles with completely endcapped 



surfaces may be vacuum dried and molecularly redispersed in most 
organic solvents up to very high concentrations. 

The chemical coupling reaction of the photolabel and microgel 
is an esterification of the carboxylate group of the dye with the 
chloromethyl groups incorporated in the polyorganosiloxanes. To 
attach the photolabel ONS, chlorobenzyl functionalized microgels 
are redispersed in tetrahydrofuran. Details of this labeling reaction 
will be described elsewhere. Applicability of these tracer particles 
to diffusion studies by FRS has been shown previously [16]. The 
same reaction scheme as sketched in Fig. 1 is also used to attach 
fluorescent dye labels with carboxylate functional groups onto 
spherical polyorganosiloxane microgels, leading to fluorescent 
tracer particles used in CFCS experiments. FRS measurements 
were performed on highly concentrated dispersions of photore- 
actively labeled microgels in toluene. Identical to the behavior of 
cyclohexane used for DLS experiments (see below), the highly 
crosslinked polyorganosiloxanes are not swollen by the solvent. 



Polycondensation of (MeO)3SiMe / (MeO)3Si- -f in 
H2O / NaOH or H" / Surfactant 



Confocal Fluorescence correlation spectroscopy 
Setup 



= Phe-CH2-Cl 




Surface - Hydrophobisation 
with Mes-Si-OEt 





Attaching Label in 
Organic Phase 
by Esterification: 
-CH2CI + OOC-Dye 
-CH2-OOC-Dye 



Fig. 1 Reaction scheme of the synthesis of dye labeled polyorgano- 
siloxane microgels. Using chlorobenzyltrimethoxy silane as a como- 
nomer, nanoparticles containing chloromethyl groups are obtained. 
These functionalities are used to chemically attach dye labels to 
microgels by an esterification reaction 



CFCS is a recently developed technique mainly used to study 
kinetic phenomena in labeled biological systems [1 1]. It also may be 
used to study particle diffusion on short time scales (compared to 
FRS), as will be shown in this paper. The experimental technique is 
based on a confocal fluorescence microscope, where a small volume 
of typically 1 pxn^ of the sample containing fluorescent tracers is 
illuminated by an incident laser beam. Fluorescence originating 
from the illuminated volume is recorded as a function of time. 
Owing to Brownian motion of the labeled tracers, one obtains a 
fluctuating signal similar to the intensity fluctuations detected in 
DLS experiments. From the time correlation function of these 
fluctuation patterns, the self-diffusion constant of the fluorescent 
tracers may be determined. For this purpose, the tracer concen- 
tration has to be so low (10^** molar) that, at a given time during 
the measurement, either one single particle or no particle may be 
found within the confocal volume. Correspondingly, the length 
scale of the observed particle diffusion is given by the dimensions of 
the illuminated region. One major disadvantage of the CFCS 
technique is the impossibility to adjust this dilfusional length scale, 
i.e. to change the size of the confocal sample volume. However, 
CFCS is much less sensitive to dust impurities than DLS described 
in the next section. For the experiments shown in this paper, a 
commercial setup based on a Zeiss Confocor microscope has been 
used. 



Tracer system 

Tracer particles for CFCS measurements are synthesized as 
described above, replacing the photoreactive ONS label by the 
fluorescent label rhodamin B. Recently, different fluorescent 
polyorganosiloxane microgels have also been prepared using 
coumarin 343 or pyrene. These particles have not yet been used 
for tracer diffusion experiments; characteristics of their fluorescence 
and absorption spectra will be published elsewhere. Opposite to 
FRS experiments, where the colloidal dispersion may consist of 
tracer particles only, for CFCS only a small amount of tracer is 
allowed, as mentioned above. The majority of the colloidal 
particles are non-fluorescent polyorganosiloxane microgels pre- 
pared by polycondensation of trimethoxymethylsilane [8], thereby 
invisible to the experiment. This fraction of particles, which 
contributes to the particle mobility by interparticle interactions 
while not contributing to the measured diffusion signal, is also 
refered to as the host particles. Toluene was chosen as the solvent 
to adjust the overall particle concentration, as in the FRS 
experiments. 
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Dynamic light scattering 
Setup 



Polycondensation of (MeO) 3 SiMe / (MeO) 3 Si- in 
H 2 O /tT/ Surfactant 



Although the CFCS technique is less demanding on sample 
preparation, DLS has the major advantage of an adjustable 
diffusion length scale as well as a larger experimental time scale. 
Therefore, DLS self-diffusion measurements have been carried out, 
using two different setups: (1) an Ar’*’ laser with wavelength 
514 nm, fiber optic detection of the fluctuating scattered intensity, 
and ALV5000 hardware correlator; (2) a Kr^ laser with wave- 
length 647 nm, pin hole detection, and ALV3000 hardware 
correlator. Samples have been cleaned from dust by filtration 
(Millipore filter, pore size 0.45 pm) and measured in cylindrical 
Suprasil light scattering cuvettes of diameter 10 mm. The Kr'*’ 
setup is more sensitive to dust impurities. Consequently, filtration, 
especially of concentrated samples, yielded inappropriate speci- 
mens. Therefore, these samples have been “purified from dust” by 
centrifugation. 



Tracer system 

As in CFCS experiments, DLS may be used to determine self- 
diffusion only when a very small amount of tracer particles 
(<0.2 wt%) is present. Otherwise, a collective diffusion mode is 
detected or, worse, multiple scattering renders measurements by 
DLS impossible. To make the polyorganosiloxane microgels 
invisible for the DLS experiment, the refractive index of the 
particles has been matched by choosing cyclohexane as solvent. 
Strongly scattering tracer particles, which have an absorption band 
close to the incident laser light and therefore show the effect of 
enhanced Rayleigh scattering [13], have been prepared according 
to the scheme sketched in Fig. 2. 

By cocondensation of trimethoxymethylsilane and trimethoxy- 
hydridosilane, microgels containing Si-H groups are formed. The 
hydridosilane is used to reduce FlAuCU added to the aqueous 
dispersion, leading to formation of tiny gold clusters within the 
spherical network. Details of this synthesis are published elsewhere. 
The host-tracer system used in DLS experiments is shown in Fig. 3. 

It should be noted that the tracer particles are larger 
(Rh = 25 nm) than the host particles (Rh = H nm) and also 
slightly more polydisperse. This is a major disadvantage of the 
synthesis of the gold-labeled microgels, which cannot be discussed 
here in detail. In comparison, the tracer particles labeled with 
photoreactive or fluorescent dyes are nearly identical in size and 
polydispersity to the standard host microgels. 



Results and discussion 



Diffusion measurements by FRS and CFCS resulted in 
exponentially decaying signals which allow for simple 
determination of the self-diffusion coefficient according to 

I{t) — A exp ^— — A exp(— (1) 



Here, A is the amplitude of the signal and t the 
characteristic relaxation time. This relaxation time 
depends on self-diffusion coefficient D and diffusion 
length scale as shown in Eq. (1). In the case of FRS 
experiments, q is given by the angle 26 between the two 
interfering laser beams and the laser wavelength 






471 sin(0) 



( 2 ) 



1 



^ =H 




Reduction of Au^^ 
in the aqueous Phase: 
HAuCh + SiH + H 2 O 
^Au(#) +SiOH 




Surface - Hydrophobisation 
with Me 3 -Si-OEt 




Fig. 2 Reaction scheme of the synthesis of gold labeled polyorgano- 
siloxane microgels. Using hydridotrimethoxy silane and dimethoxy- 
dimethylsilane as comonomers, nanoparticles containing SiH groups 
within a porous network structure are obtained. These functionalities 
are used to reduce gold ions, leading to the precipitation of tiny gold 
clusters within the microgel particles 



Eor CECS experiments, q is determined by the size of 
the confocally illuminated volume according to: 




(3) 



One major problem to determine diffusion coefficients 
quantitatively by CECS is the fact that the confocal 
volume is asymmetric, i.e. = Ly < (where xy is 
the observation plane of the microscope). Therefore, it 
is recommended to measure the diffusion coefficient of 
pure tracer particles as a reference. Particle mobilities 
determined in concentrated host-tracer systems are then 
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Fig. 3 Transmission electron 
micrographs and sample char- 
acteristics of the host and gold- 
labeled tracer system used for 
dynamic light scattering (DLS) 
experiments 



^ Tracer : 

f Rn “ 25 nni , A Rh/ Rh 20 % 

^max = 525 nm (>.dls = 514, 647 nm ) 

I I 

45nm 



Solvent : 


Cyclohexane no = 1.424 




T| = 0.979 10‘^ Pas 





renormalized by this diffusion coefficient, which has 
been obtained for an ideally dilute dispersion without 
host particles. 

Usually, DLS signals are also monotonously decay- 
ing as described by Eq. (1). The diffusion length scale q 
for a DLS experiment is given by 

, = 1^ (4) 

with 29 being the scattering angle and the refractive 
index of the specimen. In DLS experiments using light 
absorbing particles, this light absorption of the tracers 
may lead to unwanted oscillations as mentioned above. 



It is difficult to extract particle diffusivities from these 
non-monotonous signals. However, oscillations found 
at wavelength 514 nm may be completely suppressed if 
red laser light with X = 647 nm and small laser power 
/) < 100 mW are used, as shown in Fig. 4. 

At laser power smaller than 100 mW, all correlation 
functions show the identical exponential decay for a 
given sample containing gold-labeled tracer particles. 
Therefore, self-diffusion coefficients of light absorbing 
particles utilizing the effect of enhanced Rayleigh scat- 
tering can be measured without the disturbing influence 
of the energy uptake due to light absorption. It should be 
mentioned that the oscillations correspond to a non- 
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X [ms] 




Fig. 4 DLS signal obtained from green laser light at 514 nm and high 
laser intensity (oscillations, a) compared to the signals obtained from 
red laser light at 647 nm and various intensities (monotonous signals, 
b) for samples containing 0.2 wt% gold labeled polyorganosiloxane 
microgels dispersed in cyclohexane. At 647 nm and laser intensities 
smaller than 100 mW, the time correlation function does not depend 
on light intensity and always shows a strictly monoexponential decay 

diffusive regular motion of the tracer particles, which 
depends on overall particle concentration in a similar 
way as the self-diffusion coefficient. This has been shown 
previously for samples with medium particle concentra- 
tions [14]. In this paper, we are presenting diffusion 
coefficients determined by DLS up to higher concentra- 
tions. The oscillation phenomenon in this concentration 
regime found for green laser light of 1 = 514 nm and 
p > 100 mW is currently under investigation. 

Before discussing the diffusion coefficients deter- 
mined by the various tracer techniques, we would like 
to comment on the specihc time scale of the diffusional 
process measured in our experiments. 

The self-diffusion coefficient of colloidal hard sphere 
dispersions, especially at high concentrations, depends 
on the diffusion time. Particles are moving compara- 
tively fast until they are approaching their nearest 
neighbors (short-time diffusion regime). Up to this 
moment, they are only slowed down by indirect 
hydrodynamic interactions [17]. For longer times, the 
caging due to next neighbor contacts leads to a slowing 
down of particle mobility (intermediate regime). Parti- 
cles may even be repelled from the cages of their 
nearest neighbors. For still longer times, the particles 



are escaping the cages of their nearest neighbors. On 
average, the frequent repeat of this escape process leads 
to a second regime of diffusional motion with much 
slower particle mobility compared to the short-time 
diffusion within the cages (long-time diffusion regime). 
This scenario of different regimes of particle motion 
within concentrated hard sphere colloidal dispersions is 
sketched in Fig. 5. 

In the case of the polyorganosiloxane microgels 
treated in this paper, the typical interparticle distance 
at high concentrations is comparable to the particle 
diameter, i.e. d = 20 nm. On the other hand, the 
diffusion length scale probed by optical methods is on 
the order of 100 nm. Therefore, particle motion mea- 
sured in our optical tracer experiments corresponds to 
repeated escapes of the tracer particles from their nearest 
neighbor cages, and correspondingly to the long-time 
diffusion regime. To probe self-diffusion in the short- 
time regime, radiation of much shorter wavelength, i.e. 
X-ray, has to be used. At present, the possibility of 
applying X-ray correlation spectroscopy [18] to gold- 
labeled tracers is under consideration. 

In Fig. 6, all long-time tracer diffusion coefficients 
determined by the three optical techniques are plotted as 
a function of reciprocal particle volume fraction (f). Since 
our particles are density matched in cyclohexane, !/(/) is 
identical to the reciprocal mass concentration. 

For hard spheres, particle mobility as a function of 
particle volume fraction may be described by the free 
volume theory [19]: 




Fig. 5 Short-time, intermediate, and long-time particle mobility 
regimes for hard spheres at high concentration. In case of diffusive 
motion, the particle mean squared displacement (F(A/)) is propor- 
tional to the time interval At. Two diffusive regimes can be 
distinguished from the plot of the mean squared displacement as a 
function of diffusion time: at short times, particles are diffusing rapidly 
within the cage of their nearest neighbors; at much longer time scales, 
particle diffusion is slowed down by hard sphere interactions with the 
caging neighbors 
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Fig. 6 Long-time tracer diffusion coefficients of polyorganosiloxane 
microgels determined by various optical techniques as a function of 
particle concentration. From data analysis according to free volume 
theory, the volume fraction of zero particle mobility has been 
determined to 4>f, = 1 1 Vo = 0.63 



Ds 



v-vj 



( 5 ) 



Equation (5) is called the Doolittle equation [19]. It 
previously has been used by Woodcock and Angel [20] 
to determine the glass transition of hard spheres in 
molecular dynamics simulations. Ds is the particle long- 
time self diffusion coefficient in concentrated disper- 
sions, and Dq the diffusion coefficienf of a single parficle 
in an ideally dilute dispersion, i.e. without interparticle 
interactions; k is an arbitrary fitting parameter and V 
the sample volume of the concentrated dispersion. At 
V = Vq, the free volume is zero and long-time particle 
mobility is completely frozen {Ds = 0). In their molec- 
ular dynamics simulations, Woodcock and Angel found 
that the particle mobility approaches zero at a volume 



fraction of 0.64. This concentration has been identified 
with a random close-packed structure corresponding to 
a glassy state of monodisperse spherical particles. 

Fitting our experimental data according to Eq. (5) we 
obtain Vq = 1.6, which corresponds to 0o = 1 /Eq = 
0.63 as the volume fraction of the glass transition for 
polyorganosiloxane microgels. Therefore, it may be 
concluded that polyorganosiloxane microgels show hard 
sphere behavior without any swelling of the particles 
by the solvent. It should be noted that this is the first 
system where the glass transition concentration has been 
determined without rescaling the particle concentration 
to an effective hard sphere volume fraction, as done for 
previously investigated “hard sphere” colloids [3, 5, 6]. 
We also should not forget to mention that no indication 
of a crystalline transition was observed for the samples 
studied so far. Crystallization of monodisperse or slightly 
polydisperse hard spheres should occur in the volume 
fraction regime (f> = 0.494-0.54 [1], whereas the highest 
concentration investigated here was 0.52 g/1 (see Fig. 6). 
Also, all samples have been measured within 14 days 
after sample preparation, whereas crystallization might 
occur on a longer time scale. At present, experiments on 
still higher concentrations approaching the glass transi- 
tion regime (0wO.59) are in progress. In this regime, 
crystallization of our particles could be expected besides 
their size polydispersity of about 10%. Therefore, the 
structure of the new highly concentrated samples has to 
be investigated in detail by small-angle X-ray scattering. 
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Abstract The key components de- 
termining the physical behaviour of 
milk are casein micelles. Heat-in- 
duced coagulation of casein micelles 
is a major problem in the design of 
new milk-based products in the food 
industry. Many of food additives 
reduce the stability of casein micelles 
in milk, leading to coagulation dur- 
ing heat treatment. Up to now there 
was a lack of experimental methods 
allowing fast, non-expensive and 
technically non-complicated analysis 
of the heat stability of milk colloids. 
In the present work we used a new 
high-resolution ultrasonic resonator 
technique to monitor the coagula- 
tion of calcium fortified low fat 
milks. The technique provides a 
relatively cheap, rapid and non-de- 
structive analysis and requires small 



volumes of material. Two indepen- 
dent parameters, ultrasonic velocity 
and ultrasonic attenuation in milk, 
were measured as a function of 
temperature to analyse the effects of 
the addition of calcium and selected 
stabilisers on the coagulation tem- 
perature. Both parameters give the 
same value of coagulation tempera- 
ture with a resolution better than 
0.1 K. The results allowed us to 
evaluate the concentrations of stab- 
ilisers required to prevent the coag- 
ulation of calcium fortified milk at 
temperatures below 373.15 K. 



Key words Ultrasonic velocity - 
Ultrasonic absorption - Resonator 
technique - Calcium fortified 
milk - Milk coagulation 



Introduction 

The fortification of many traditional foods is a modern 
way to improve the vitamin and mineral intake of the 
human diet. There is a demand within the dairy industry 
to produce different kinds of fortified milks, including 
calcium fortification. However, addition of calcium to 
milk reduces the stability of the casein micelles, leading 
to coagulation during heat treatment or when it is added 
to hot beverages. Casein micelles are the main structural 
components of milk. They consist of submicelles which 
are linked together by hydrophobic bonds and a link 
containing colloidal calcium phosphate. Calcium can 
also be found in the soluble state in milk serum, as well 
as in the insoluble form in casein micelles. Although 



calcium is an important mineral in the stabilization of 
the casein micelles, addition of extra calcium to milk 
causes coagulation at high temperatures [1,2]. The heat- 
induced coagulation of casein micelles has been studied 
for many years [3-5] and different mechanisms of 
coagulation have been proposed [6-8]. 

The use of permitted chemical additives is a potential 
way to stabilise calcium fortified low-fat milk [9]. The 
design of suitable stabilisers requires a technique for the 
detection of coagulation and the monitoring of physical 
changes in the casein colloidal systems. Up to now there 
was a lack of experimental methods allowing fast, non- 
expensive and technically non-complicated measure- 
ments of the coagulation temperature of calcium 
fortified milk. 
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A variety of different techniques were used in the past 
to characterise the coagulation process of non-fortified 
milks. Visual methods for measuring coagulation were 
carried out by Sommer and Matsen [10]. Berridge [11] 
proposed another method to observe visible aggregate 
formation. Hardy and Fanni [12] used the optical 
technique of reflection photometry, which determined 
the coagulation time of milk by colour difference. Other 
optical techniques were also adapted [13]. Viscometry 
was suggested by Scott Blair and Burnett [14] as a good 
method for determining coagulation. They used the 
“falling column method” which measures the viscosity 
of milk flowing through a capillary tube. The coagula- 
tion time was detected with a precision of 15 s. A more 
precise method using a rotational-type viscometer was 
used by Kopelman and Cogan [15]; this method allows 
the viscosity to be measured directly. A constant 
baseline followed by a steep linear increase in viscosity 
when coagulation occurred was observed. This method 
was shown to give a sharper, more precise coagulation 
point than previous viscosity measurements. However, it 
disturbs the coagulum and is therefore destructive. The 
above methods are not easily applicable to calcium 
fortified milks for various reasons, including lack of 
precision, destruction of the sample, low speed of 
measurements excluding fast temperature ramps, com- 
plicated set-ups and others. 

Ultrasonic measurements potentially can provide a 
relatively cheap, rapid and non-destructive analysis. 
Several laboratories were involved in the past in the 
ultrasonic measurement of milk [16]. Ultrasonic analysis 
was carried out by Hue ter et al. [17] where the ultrasonic 
attenuation in diluted skimmed and homogenised milk 
was compared. More recently it was demonstrated that 
the ultrasonic attenuation is proportional to the fat 
concentration in milk [18]. Winder et al. [19] determined 
the solid-non-fat and butterfat contents of fluid milk 
samples with an accuracy of ±0.1% using an instrument 
called a Darisonometer, which measures sound velocity. 
Everson and Winder [20] later used the same instrument 
to determine the renneted coagulation time of milk. 
Ultrasonic attenuation measurements have also been 
used to determine the coagulation time of renneted milk. 
These measurements were carried out by Gunasekaran 
and Ay [21, 22] using a pulse-transmission ultrasonic 
technique. They carried out velocity and attenuation 
measurements and found both measurements have a high 
potential for monitoring the coagulation process. In all 
these measurements the pulse technique was used to 
measure the ultrasonic velocity and attenuation in the 
coagulation process in milk. In this technique the 
ultrasonic velocity is determined through direct or 
indirect measurements of the time of propagation 
through the liquid of the transmitted ultrasonic pulse, 
and the ultrasonic attenuation is determined through the 
change of the amplitude of the pulse. 



The pulse technique was extremely popular not only 
in the ultrasonic analysis of milk but in the analysis of 
liquids in general, because of the simple construction of 
the ultrasonic cells, the electronics and finally the lower 
cost of the instruments. A disadvantage of this technique 
is that a relatively high volume of measuring cells is 
needed for high-resolution measurements. The pathway 
of the ultrasonic pulse should be long enough to detect 
the propagation time and the amplitude decay with 
necessary resolution. This causes a problem when high- 
resolution measurements are required. High volumes 
of the measuring cell make it difficult to control the 
temperature owing to a long time equilibration of 
temperature gradients in large volumes. 

In the present work, a novel, high-resolution ultra- 
sonic resonator technique is used for the monitoring 
of coagulation in fortified low-fat milk. In this method 
the ultrasonic cell forms an acoustical resonator. The 
ultrasonic velocity is determined through the measure- 
ments of the frequency of the acoustical resonance. The 
ultrasonic attenuation is determined from the energy 
losses in the resonance. The resonator technique over- 
comes the problem of a large cell because a decrease in 
the volume of the resonator cell leads to an increase in 
the number of reflections of the ultrasonic wave at the 
resonator walls, while the total length of the path of the 
ultrasonic wave in the liquid remains nearly constant. As 
a result, this technique is 100 times more precise than the 
previously used pulse technique. Previously this tech- 
nique was used in the BIOTEST milk analyser developed 
by one of us in the former USSR. The concentrations of 
fat, protein, solids and water in milk were determined 
from the values of ultrasonic velocity and absorption 
measured at two temperatures. In the present work we 
measured the ultrasonic velocity and ultrasonic attenu- 
ation as a function of temperature in calcium fortified 
milk. These results lead to the determination of the 
concentration of calcium that can be added to milk 
products so that fortified milk can be used for cooking 
purposes and can be added to hot beverages. The 
stabilizing effect of different permitted additives was 
studied so as to try and increase the amount of calcium 
that can be added to low-fat milk. 



The resonator technique 

In the resonator technique, ultrasonic parameters of 
liquids are determined through the measurement of the 
resonator characteristics of specially designed ultrasonic 
resonator cells filled with liquid. Construction of a 
resonator cell involves two main elements: the resonator 
chamber, where the acoustical resonance is formed, and 
the piezotransducers, which excite and detect ultrasonic 
vibrations. An illustration of a plane type of resonator is 
given in Eig. 1. One of the piezotransducers excites the 
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Piezoelectric transducers 




Signal Generator Signal Analyser 

Fig. 1 Block diagram of a plane parallel resonator 



ultrasonic wave travelling in the direction of the second 
piezotransducer. Being reflected by the second piezo- 
transducers, this wave comes back and is reflected again. 
At the frequencies corresponding to the whole number 
of half wavelengths between the piezotransducers, a 
resonance occurs. A typical dependence of the amplitude 
ratio of the signal on the frequency of the resonator is 
given in Fig. 2, where the amplitude ratio is the ratio of 
the amplitude of the input signal applied to the emitting 
transducer to the amplitude of the signal detected from 
the receiving transducer. 

In an ideal resonator, where the effects of diffraction, 
non-ideal reflection and others can be neglected, the 
resonance condition can be expressed in the relation; 

«/,„/2 = I ( 1 ) 

where n is any whole number, is the ultrasonic 
wavelength at the «th resonance and / is the distance 
between the piezotransducers. The wavelength 1 is 
determined by the value of the ultrasonic velocity u 
and the frequency /; 

K = m //« ( 2 ) 




6650 f 6660 

J n 

Frequency, KHz 



Fig. 2 Typical amplitude-frequency and phase-frequency character- 
istics of a resonance within a cell filled with milk 



Combination of Eqs. (1) and (2) gives the relation 
between the change of the ultrasonic velocity 5u and 
the corresponding shift of the frequency of the nth 
resonance, 6/^. 

du/u = bfnifn ■ (3) 

The absolute value of the ultrasonic velocity can be 
obtained from the frequencies of any two nth and 
(n - l)th resonances: 

■ (4) 

This equation is also a consequence of Eqs. (1) and (2). 
The distance between the piezotransducers, I, can be 
determined from the measurements of (fn - fn-i) for the 
resonator filled with a liquid with a known value of the 
ultrasonic velocity, u. 

The coefficient of ultrasonic attenuation is calculated 
from the Q factor of the resonator. The Q factor is 
determined by the total energy losses in the resonator 
cell and therefore has two contributions, Qiiquid, and 

Qcell- 

1 /2 = 1 / Gliquid + 1 / 2cell (5) 

where ^liquid is related to the attenuation coefficient of 
the liquid a and the wavelength 

2liquid = 0:2 . (6) 

Eor an ideal resonator the Q factor for the nth 
resonance, can be determined from the width of 
the resonance peak at the -3 dB level, A/„, or from 
the slope of the phase, (f), versus the frequency in the 
maximum of the resonance, {d(f>ldf)f=f\ 



e„=/„/A/„ , 


(V) 


0„=/„(0(/)/8/)^.^,y2 . 


(8) 


By changing n, i.e. selecting different resonances, the 
frequency dependence of Q can be measured. The 
attenuation coefficient of the liquid a can be determined 
from the relation; 


(lAyi — ^(l/2« l/2cell) 


(9) 


or 




a = nf„{\/Qn - l/gcell)/M 


(10) 



where the value of Qceii can be obtained from calibra- 
tions with standard liquids. 



Materials and methods 

Sample preparation 

Premier Dairies low-fat milk (Dublin) was fortified by the addition 
of calcium chloride obtained from BDH (UK). Calcium chloride 
was added by weight to fresh milk samples obtained from the dairy 
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on the same day that the measurements were preformed. Additives 
were added to 25 mM calcium fortified low-fat milk solutions by 
weight. The additives used were potassium citrate obtained from 
BDH (UK), sodium carbonate obtained from Hopkin and 
Williams (UK) and sodium acetate obtained from BDH (UK). 
After fortification, the pH value of the samples was adjusted to 6.7 
at 293.15 K, using a concentrated solution of potassium hydroxide 
obtained from Aldrich (USA). We used an Orion pH metre (model 
420A) with a BDH Gelplass pH electrode. The samples were 
degassed and kept at the initial temperature of the temperature 
ramp in a water bath for 3 min before being filled into the 
ultrasonic cells. 



Ultrasonic measurements 

All measurements were done difierentially with two identical 
resonator cells. The reference cell was filled with unfortified low- 
fat milk. The measuring cell was filled with the calcium fortified 
low-fat milk. The samples in both cells were kept under continuous 
stirring during measurements. The volume of cell used was 0.8 cm^. 
The piezoelectric transducers were made of LiNb 03 material with 
a fundamental frequency of 8.8 MHz. The measurements were 
performed at frequencies between 6.5 and 7 MHz. The temperature 
in the cells, resonance frequencies and Q factors of selected 
resonances in the reference and the measuring cells were automat- 
ically measured by a PC-controlled USAT 70162 dual channel 
frequency synthesiser precision vector analyser, designed by one 
of us. 

The relative ultrasonic velocity, <5(Auj/i/, was calculated from /„, 
the frequency at the maximum of the «th resonance. The ultrasonic 
attenuation can be calculated from A/„, the width of the resonance 
peak at the -3 dB level as described earlier [29] (see Fig. 2). 

The resolution of our measurements was 10^"'% for ultra- 
sonic velocity and 0.2% for ultrasonic attenuation. The details of 
the cell construction and the measuring procedures were published 
previously [29]. 



Temperature control 

Temperature control is an important element in the high-resolution 
ultrasonic velocity measurements. Both our cells were fixed 
together in the same block. Normally it is enough to keep the 
temperature in this block within 10“^ K stability so that the 
difierence between both cells is within 10 K. We used a Haake F8 
water bath circulator which has a temperature stability of 10“^ K. 
The digital controller of this bath was used to program the 
temperature ramps. The temperature sensor was connected to the 
cell surface and the temperature was monitored by a PC-controlled 
USAT 70162 dual channel frequency synthesiser precision vector 
analyser. The measurements were carried out at three difierent 
linear heating rates of 0.25, 0.33 and 0.5 degrees per minute. 



Results and discussion 

Ultrasonic measurements 

Figure 3 illustrates a typical temperature dependence of 
the ultrasonic attenuation of calcium fortified low-fat 
milk. On the same figure the temperature dependence of 
relative ultrasonic velocity 6{l^u)lu (which is the relative 
change in ultrasonic velocity difference between the 
calcium fortified low-fat milk and the reference unfor- 
tified low-fat milk) for the same sample is shown. 
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Fig. 3 Change of ultrasonic parameters in heat coagulation of 
calcium fortified milk. S(Au)ju is the relative change of ultrasonic 
velocity 



Coagulation is indicated by a sharp decrease in the 
ultrasonic velocity and increase in the ultrasonic atten- 
uation. Different processes can potentially contribute to 
the change in ultrasonic velocity. These processes are the 
hydration changes of the milk components, the intrinsic 
compressibility of aggregated micelles and the visco- 
internal and thermal scattering of ultrasonic waves. The 
formation of large aggregates causes dehydration of the 
micelles owing to a loss of contact between the atomic 
groups of the micelles and the water molecules. Nor- 
mally the association of micelles results in the formation 
of an aggregate with a compressible core, leading to 
a decrease of ultrasonic velocity. Thermal scattering 
causes excess attenuation and leads to an effective 
compressibility of the liquid which is greater than the 
volume average value by an amount which depends on 
the particle size, the frequency used and the difference 
between the thermal properties of the component 
phases. Viscous scattering also causes excess attenuation 
but leads to an effective density which is lower than the 
volume average value by an amount which depends on 
the particle size, the frequency used and the density 
difference between the two phases [23]. A redistribution 
of aggregated particles within the ultrasonic cell cannot 
be excluded as another possible cause for a change 
in ultrasonic velocity. It is difficult to determine the 
dominant process responsible for the change in the 
ultrasonic velocity and further work is needed to obtain 
a better understanding of these contributions. 

The major processes to which the increase in 
ultrasonic attenuation can be attributed are the scatter- 
ing of the ultrasonic waves on the aggregated particles 
and additional heat and viscous absorption of the 
ultrasound [24, 25]. Ultrasonic absorption occurs when 
the wave is attenuated by direct conversion into heat by 
a variety of molecular relaxation processes. There are 
two main contributions to absorption: thermal absorp- 
tion and visco-inertial absorption. Thermal absorption 
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occurs when the heat flow out of a particle is not 
compensated for by the heat flow into the particle during 
a compression-expansion cycle; this results in ultrasonic 
energy being converted to heat. Visco-inertial absorp- 
tion is a result of the viscous drag of the surrounding 
liquid on a particle oscillating in an ultrasonic field. 
These friction losses mean that some of the ultrasonic 
energy is converted to heat [25]. Both the absorption and 
the scattering increase with the aggregation of the casein 
micelles; however, it is impossible to determine which 
process is dominant. 

The coagulation temperature was determined precise- 
ly as an intercept of the lines fitted to the temperature 
dependence of the ultrasonic velocity or the ultrasonic 
attenuation before and after coagulation. We found that 
the reproducibility of these measurements of the coag- 
ulation temperature for different samples was ±0.3 K. 
The resolution in the coagulation temperature measure- 
ments in one sample was better than 0.1 K. 

To investigate the effect of the heating rate on the 
coagulation process, all our measurements were carried 
out at rates of 0.25, 0.33 and 0.5 degrees per minute. No 
effect of the heating rate on the coagulation temperature 
was observed. 



The dependence of the coagulation temperatnre 
on the calcium concentration 

Figure 4 shows the dependence of the coagulation 
temperature determined from the ultrasonic velocity 
and the ultrasonic attenuation on the concentration of 
added calcium chloride. Ultrasonic velocity and ultra- 
sonic attenuation reflect different physical properties of 
milk; however, the coagulation temperatures measured 
were in good agreement with each other (better than 
0.5 K). 

At low concentrations of added calcium chloride, 
a decrease in the coagulation temperature occurs with 
increasing added calcium concentration. At concentra- 
tions above 25 mM of added calcium chloride, a 
levelling off of fhe coagulation temperature between 
323.15 and 333.15 K is observed. The initial slope of the 
curve ATJAfCa] was -2.2 K per mM of added calcium 
chloride. A possible explanation of this curve is a 
saturation of calcium binding places in the casein 
micelles at high concentrations of calcium. 



The effect of stabilisers on the coagulation temperature 

Figure 5 demonstrates the effect of the addition of 
different stabilisers to calcium fortified milks on the 
coagulation temperature. The coagulation temperature 
was detected using the ultrasonic velocity measurements. 
The additives used had different stabilising effects on the 
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Fig. 4 Dependence of coagulation temperature of calcium fortified 
milk on the concentration of calcium chloride added 

calcium fortified milk. Potassium citrate was chosen 
because citrate is a natural component of milk and it also 
acts as a buffer at the natural pH of milk (6.7); its pA 
value is 6.39. Sodium carbonate also has a buffering 
capacity on milk; its pA value is 6.37. Sodium acetate was 
used as a control. We chose additives with a buffering 
capacity on milk to inhibit the decrease in pH of the milk 
with heating. A reduction in the pH of milk solubilises 
colloidal calcium phosphate, which is involved in main- 
taining the micellar structure of the casein micelles, 
leading to the micellar dissociation [26, 27]. As shown in 
Fig. 5, potassium citrate was the most effective stabiliser. 
This can be attributed to its buffering effect on the 
fortified milk and citrate’s ability to form a relatively 
soluble calcium citrate complex which reduces the 
activity of the calcium in the milk [28]. We found sodium 
carbonate to be a good stabiliser, which can be explained 
by its buffering capacity on the calcium fortified low-fat 



O: Velocity measurements 
A: Attenuation measurements 




Concentration of added stabiiiser, mM 

Fig. 5 The dependence of the coagulation temperature on the 
concentrations of stabiliser added to 25 mM calcium fortified low- 
fat milk. The coagulation temperature was determined from the 
ultrasonic velocity measurements 
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milk. Sodium acetate was found to be the least effective of 
the three, although it does have a small stabilising effect. 

Our conclusions are in good agreement with the 
previous findings of Sweetsur and Muir [9], who demon- 
strated an increase in coagulation time at 393.15 K in 
non-fortified milk with the addition of sodium citrate 
and sodium bicarbonate [9]. 



The potential of the resonator technique for analysis 
of the precoagulation process 

In this work we concentrated on determining the 
coagulation temperature. Once the coagulation temper- 
ature is established, the high resolution of our technique 
can be used to study the kinetics of the precoagulation 
processes by measuring the ultrasonic parameters at the 
temperatures close to the temperature of coagulation as 
a function of time. This work is in progress. 



Conclusion 

The ultrasonic resonator technique was found to be a 
fast and inexpensive method of measuring the coagula- 
tion temperature of the milk samples and therefore has 
a high potential in the analysis of different ingredients 
on the stability of milk colloids. The high resolution of 
these measurements can be used to analyse potential 
precoagulation processes. A relationship between the 
added calcium concentration and the coagulation tem- 
perature of fortified low-fat milk was established. 
Potassium citrate was found to be the most effective 
stabilizer of the three additives used. 
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Abstract The self-diffusion of par- 
ticles restricted to one-dimensional 
channels is termed single-file diffu- 
sion if individual particles are unable 
to pass each other. We employ the 
interference pattern of two coherent 
laser beams to confine electrically 
charged polystyrene colloids in par- 
allel “optical channels” formed by 
light forces and study the particle 
diffusion within these channels by 
optical microscopy. For small chan- 
nel spacings the particles can elec- 
trically couple between adjacent 



channels and their mean square 
displacement along these channels at 
long observation times t is propor- 
tional to t. For large channel spac- 
ings, however, where the coupling of 
particles is largely reduced, we find 
the mean square displacement to 
be proportional to t°'^,which 
signifies the occurrence of single-file 
diffusion. 

Key words Single file diffusion - 
Brownian particles - Colloids - 
Light forces 



Introduction 

One-dimensional arrays of particles are referred to as 
single-file systems when mutual passages of individual 
particles are excluded owing to the geometrical confine- 
ment of micropores or channels [1^]. The diffusion of 
tagged particles in such systems, widely called single-file 
diffusion, which occurs in a variety of chemical, physical 
and biological systems involving micropores such as 
adsorbates in zeolites, Sine-Gordon chains, and super- 
ionic conductors, as well as micropores on biomem- 
branes, has intrigued researchers from various 
disciplines [1-7]. Owing to the fact that the displacement 
of a particle in a single-file system over long distances 
requires also the diffusion of other particles in the same 
direction, particle positions are highly correlated which 
leads to dramatic differences in the self-diffusion prop- 
erties. 

It is well known that the self-diffusion of Brownian 
particles obeys Einstein’s law, i.e. the mean square 
displacement is proportional to the observation time t 
and the diffusion coefficient D'. 



{x^{t)) = 2Dt (1) 

For short times {t » /2Dq), where the tagged particle 

moves in the cage formed by neighboring particles, D is 
called the short-time self-diffusion coefficient Ds,, which, 
for very dilute particle concentration, equals Dq, the 
diffusion coefficient of a free particle of diameter a. In 
contrast, for long times {t » a^/2Do), a particle feels the 
presence of other particles and mutual interactions 
reduce the diffusion coefficient; D is thus called the 
long-time self-diffusion coefficient Z>l. The mean square 
displacement of single-file diffusion, however, has been 
shown theoretically to increase with the square root of 
time [2-A\. 

(x^(0) = 2Ft^-^ (2) 

where F is the single-file mobility. 

Although numerous theoretical investigations on this 
topic were performed in the past, only recently has 
single-file diffusion became experimentally accessible. A 
crystalline zeolite such as AIPO4-5, which contains long 
unconnected parallel channels with a diameter of 7.3 A, 
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provides a good single-file system for adsorbates like 
methane whose diameter is 3.8 A. In pulsed force 
gradient nuclear magnetic resonance (PFG NMR) 
experiments where the transport of methane and ethane 
in these molecular sieves has been studied, evidence for 
single-file diffusion has been found [8-11]. 

These results are not in agreement with very recent 
quasi-elastic neutron scattering studies (QENS), how- 
ever, which show that both methane and ethane diffuse 
normally in AIPO 4-5 molecular sieves [12]. Several 
possible reasons have been proposed to explain this 
controversy. Firstly, owing to defects in zeolites the 
nano-channels in these materials are not infinitely long. 
Additionally, some correlation between molecules in 
neighboring channels may exist, as suggested to explain 
the experimentally observed phase transition in this one- 
dimensional system [13]. However, no detailed compar- 
ison between theory and experimental results can be 
made owing to the lack of the real space information of 
these adsorbate molecules. Therefore, it is of great 
interest to perform self-consistent experimental studies 
which can provide real space information of particles. 

A monodisperse colloidal dispersion has been proven 
to be a unique model system, not only because of its 
similarity to atomic systems but also due to its 
characteristic length and time scales which make colloids 
accessible to optical microscopy [14]. In this paper, we 
studied the diffusion behavior of charged monodisperse 
polystyrene colloids which are confined between two 
glass plates. To restrict the diffusion of the particles to 
one dimension, we projected the interference pattern of 
two coherent laser beams into the sample cell. Owing to 
optical gradient forces these dielectric colloidal beads are 
then trapped in the regions of highest intensity, i.e. along 
a pattern of parallel lines. In this paper we will 
demonstrate that the line spacing plays a crucial role 
for the occurrence of single-file diffusion. For low line 
spacings the particle mean square displacement along 
these pores is found to increase proportional to t because 
the particles in neighboring lines do not diffuse inde- 
pendently but are coupled due to electrostatic interac- 
tions. Only when the spacing of adjacent lines is large 
enough and electrostatic interactions across lines are 
largely reduced does the mean square displacement 
increase as which is in agreement with single-file 
diffusion. 



Experimental 

The experimental system has been described before [15]. We used 
an aqueous suspension of highly charged polystyrene colloidal 
particles with 3 diameter (IDC). The sample cell was composed 
of two glass plates which were separated by about 20 jim. This 
narrow spacing is important to suppress thermal convection, which 
is observed for spacings above a few hundred microns owing to 
heating effects [16], The tray ions in the cell are removed by 



pumping the suspension through a circuit containing an ion 
exchange vessel and an ionic conductivity probe. Additionally, a 
certain amount of ion exchange resin particles were added to the 
edge of the cell to stabilize our system at low salt concentration 
during the experiments. 

We used a setup similar to the Mach-Zender interferometer to 
produce two parallel coherent laser beams with separation D from 
an argon ion laser (TMOO mode, z = 514 nm). The beams were 
introduced to cross by a convergent lens and produced interference 
fringes in the plane of the horizontally aligned sample. The fringe 
spacing was adjusted by the spacing D which could be varied by the 
position of a motor-driven mirror. An optical microscope system 
attached to a CCD camera was used to observe the particles. White 
light was used to illuminate the particles while the scattered intense 
laser light was blocked with an optical high-pass filter. The images 
were stored on videotape for further analysis. 

As illustrated by Ashkin et al. [17], the forces exerted by the laser 
field on dielectric microparticles can be divided into two main 
components. One, proportional to the light intensity, is the 
scattering force that drives the particle in the direction of the light, 
which in our system pushes the colloidal spheres into the bottom 
glass plate and reduces particle fluctuation in the vertical direction, 
making the system two dimensional. The other component, 
proportional to intensity gradient, is the gradient force due to 
diffraction which pulls the polystyrene particles into the regions of 
high light intensity. The latter force from the parallel interference 
fringes in our system results in a one-dimensional periodic external 
potential for the colloidal spheres. With the particle finite size taken 
into account, the modulation potential V(x) can be expressed as [16]: 

F(x) = — foCOs(27n:/4) (3) 

where Vo = l3n„Pcrl(n^ - l)/crg(n^ + 2)] [/j ( t!:(To/4)4/27I(To], with 
P being the laser power, c the velocity of light in a vacuum, n the 
ratio of the refraction indices of polystyrene «p and water (Tq 
the colloidal particle diameter, jj the first-order spherical Bessel 
function, rg the waist radius of the Gaussian laser beam, and d the 
period of the potential corresponding to the fringe spacing. 



Results 

Figure la shows a typical real space configuration of 
particles in our cell under the influence of an external 
periodic light potential. Owing to the external potential, 
the particles are not homogeneously distributed but 
localized along parallel lines. This behavior indicates 
that the external light potential provides a lateral 
confinement of the particles and thus mimics, for 
example, the pores in a zeolitic system. It is important 
to mention that the line spacing in Fig. la is about 
1 1 /rm, which is within the interaction range of particles. 
Accordingly, particles in neighboring lines diffuse not 
independently from each other but are highly correlated 
owing to the repulsive Coulomb interaction. This is 
visible in more detail in the corresponding particle 
distribution function g{x,y) averaged over 200 pictures, 
which clearly shows a hexagonal symmetry (Fig. lb). 

To analyze the diffusion behavior of the particles, 
we calculated the mean square displacement (d)P-) of 
particles along the lines. Figure 2 shows the results for 
systems with high (closed symbols) and low (open 
symbols) particle concentrations. It can be seen that 
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Fig. 1 a Snapshot of the real space particle configuration of a two- 
dimensional colloidal suspension in the presence of a modulated light 
field, which localizes the particles along vertical lines, b The particle 
pair distribution function corresponding to the particle concentration 
of a. About 200 real space pictures were used to obtain this plot 



{6y^) increases linearly with time, being typical for 
diffusion in two and three dimensions. From the slopes 
we obtained the long-time self-diffusion coefficients 
to be 0.09 /tm^/s and 0.02 /<m^/s for low and high 
particle concentrations, respectively. The fact that {6y^) 
increases linearly with time demonstrates that we were 
not dealing with single-file diffusion. Obviously, the 
coupling of particles in adjacent “channels” gives rise to 
a diffusion behavior which is identical to that in two or 
three dimensions. 

In the following we investigate the diffusion behavior 
when the coupling between particles in adjacent lines is 




Fig. 2 The particle mean square displacements {Sy^) along the 
interference fringes in the case of strongly coupled lines. The open and 
closed symbols correspond to a system with low and high particle 
concentrations, respectively 



largely reduced. Experimentally this can be achieved by 
simply increasing the spacing between lines. 

Figure 3a shows a snapshot of a colloidal system 
where the period of the external potential is increased to 
about 20 /tm. From the corresponding, averaged two- 
dimensional g(x,y) plot it can be seen that, at such large 
line spacings, almost no correlation in adjacent lines is 
visible. 




Fig. 3 a Snapshot of the real space particle configuration of a two- 
dimensional colloidal suspension in the presence of a modulated light 
field. The line spacing is about 20 pm and largely reduces the 
interactions of colloids in adjacent lines, b The corresponding particle 
pair distribution function 
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Fig. 4 The particle mean square displacement {6x^) perpendicular to 
the lines demonstrates that the particles are confined in the x- 
direction. The saturation value indicates that no mutual takeover of 
individual particles within a row is possible 

Figure 4 shows the mean square displacement 
of the particles perpendicular to the potential lines, 
which saturates for long times at about 4 fim^. Conse- 
quently, the maximum particle excursion perpendicular 
to the potential lines is less than the particle diameter 
and thus, together with the strongly repulsive Coulomb 
interaction, avoids the mutual takeover of particles 
within a line. As already mentioned, this is essential for 
the occurrence of single-file diffusion. 

When analyzing the mean square displacement {S)P-) 
in this system we find no linear increase but a quite 
different behavior, as shown in Fig. 5. The solid line 
corresponds to a fit with a power law {d)P-) = with 
b being a ht parameter. As can be seen , our data above 
t = 100 s can be described by this fit and thus indicates 
that single-hle diffusion can be also observed in colloidal 
systems under the influence of an external light field. 

It should be mentioned that perfect single-file diffu- 
sion is only predicted for a very large system in the limit 




Fig. 5 Mean square displacement along the interference 

pattern. The solid line corresponds to a f fit, which is expected for 
single-file diffusion 

of long times. In finite channels as in our experiments, 
however, the diffusion may be modified owing to 
boundary conditions which may play a crucial role for 
the diffusion characteristics [4]. Furthermore, although 
electrostatic interactions across adjacent lines can be 
ruled out by increasing the line spacing, there is also the 
possibility of hydrodynamic interactions which can also 
contribute to correlation effects. Further work is needed 
to address this aspect. 

In summary, we have studied the diffusion behavior 
of colloidal particles confined in one-dimensional peri- 
odic lines which are formed by the interference pattern 
of two overlapping laser beams. We demonstrated that 
the absence of correlation between particles in neigh- 
boring lines is essential for the occurrence of single-hle 
diffusion. 
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